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Chapter 1. Introduction 
 
1.1 Research background 
 
In recent years, Electro-Optical (EO) materials and the related devices have been 
attracted much research attentions around the world.  Devices such as EO modulators, 
deflectors and switches have been developed and utilized in many practical applications.  
Compound semiconductor EO devices have been mainly investigated for applications in 
photonic integrated circuits.  Optical phase modulators are especially important 
components for high frequency, high-speed optical communications and 
signal-processing systems [1], [2].  Using semiconductor material as an EO material 
has many kings of advantages. For example, it is convenient to integrate with 
surrounding circuits, and it is capable to endure high power laser systems [3], [4].  
Since ZnTe has high EO coefficient (r41 = 4.5 pm/V) [5], [6] which is greater than that 
of other compound semiconductors such as ZnS (1.2 pm/V), GaAs (1.6 pm/V) and 
ZnSe (2.0 pm/V) [7] - [9], it has been considered as a potential EO material by research 
groups [10], [11].  CdTe have higher EO coefficient (6.8 pm/V), but the toxic nature 
and limitation of the transparent light wavelength are the disadvantages for its 
applications [12], [13].  ZnTe is much environmentally friendly and can be utilized in 
much broader applications.  Another advantage of using ZnTe as EO material in place 
of much more efficient materials like LiNbO3 is that ZnTe do not have birefringent 
optical system without the electrical field, which simplifies design of the optical system. 
The EO effect in ZnTe is the Pockels effects (linear EO effect) which is the 
phenomenon that the refractive index in the crystal changed linearly proportional to the 
applied electric field.  When a polarized light propagated through this kind of EO 
crystal, the EO crystal would generate a phase shift to the light and modulate the 
polarization state of light.  This phase shift generated by crystal is also linearly 
proportional to the electric field.  For a practical EO application, it is favorable to 
generate a large phase shift with a small voltage bias.  Several other groups have 
demonstrated that the typical applied voltage is around hundreds volts to create the 
plenty electrical fields around several kV/cm in a bulk ZnTe based EO device with 
thickness of 1mm [14], [15].  This large applied voltage is not suitable for portable 
devices or miniaturized integration optical progressing system.  In order to achieve a 
ZnTe based EO device with much lower applied voltage, thin film ZnTe device has been 
caught much attention because it can have identical electrical fields with much smaller 
applied voltage.  Thin film waveguide structure is also a very common structure that is 
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used in the optical processing system to limit the light expansion and energy loss during 
the light propagating in the device [16], [17].  The thin film ZnTe waveguide for EO 
device has therefore been studied, because it is able to work with small applied voltage 
and to minimize the light propagation loss [18] - [20]. 
For high performance thin film waveguide, there are several difficult tasks needs to 
be cleared.  First, the waveguides must have good optical confinement.  Second, the 
films need to have high quality.  Finally, the waveguides is required to connect with 
other device efficiently. 
In order to realize high performance ZnTe thin film waveguide, ZnMgTe was 
choose as the cladding layer material due to the smaller refractive index compare to 
ZnTe.  The refractive index of ZnMgTe cladding layers can be adjusted by controlling 
the Mg composition.  Because the lattice parameter difference between ZnTe and 
ZnxMg1-xTe (0 < x ≤ 1) is very large (4.1% when x = 1), the Mg composition and layer 
thickness of ZnMgTe cladding layer would significantly influence the interface states 
and generation of the dislocation defects.  For practical devices, the dislocation defects 
or the irregularity interface would debase the device performances that are not 
favorable.   
In previous research, the guideline for ZnMgTe/ZnTe/ZnMgTe heterostructure with 
low dislocation was established [21].  However, the fabricated ZnMgTe/ZnTe thin film 
waveguide following this guideline had only low dislocation but also weak propagation 
intensity due to the insufficient optical confinement.  Therefore, the guideline for the 
high performance ZnMgTe/ZnTe thin film waveguide is required.  This guide must be 
established in order to achieve good optical confinement and to minimize degradation of 
the crystal quality. 
The thesis starts with the theoretical calculations followed by the experiments in 
order to accomplish the high performance ZnMgTe/ZnTe thin film waveguide.  The 
waveguide design in this thesis was under the theoretical calculation of EO effect in the 
ZnTe, critical layer thickness of ZnTe cladding layers and the penetration depth of 
ZnMgTe/ZnTe interfaces.  The designed waveguides were then fabricated using 
molecular beam epitaxy (MBE).  Characterizing the crystal quality, the propagation 
light intensity and the EO characteristics of ZnMgTe/ZnTe thin film waveguide with 
different designed structures, a guideline for high performance ZnTe thin film 
waveguide was obtained.  Following the guideline, a method for suppressing the 
generation of the dislocation defects was also presented and demonstrated.  Finally, in 
order to improve the efficiency of ZnMgTe/ZnTe thin film waveguide and open a door 
to its wider application fields, the post structure fabrication using wet etching method 
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was also studied.  This thesis demonstrated the potential of ZnMgTe/ZnTe thin film 
waveguide as a future practical EO device. 
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1.2 Contribution and structure of the thesis 
 
The contribution of this thesis is to provide a guideline for high performance 
ZnMgTe/ZnTe waveguide for EO device by comparing the experimental results with the 
theoretical calculation.  It also offers a simple method to furtherly improves the crystal 
quality in the waveguide device.  The fabricated ZnMgTe/ZnTe waveguide EO device 
was successful operated under small-applied voltage, and it showed its potential to be a 
practical device in the future. 
Chapter 1 [Introduction].  The introduction chapter presents brief background 
information and describes works related to the study of this thesis, including an 
overview of EO devices, semiconductor based EO device, and ZnTe EO based EO 
device.  The idea and the reasons to combine waveguide structure and EO device are 
also proposed. 
Chapter 2 [Working Principle of ZnTe Electro-Optical Device].  This chapter 
summarizes the basic knowledge of different kinds of EO effect, focusing on linear EO 
effect, working principles and Jones calculation of the particular devices.  The linear 
EO effect in ZnTe crystal and the theoretical calculation of phase shift generated by the 
ZnTe crystal are also discussed in detail. 
Chapter 3 [The Requirements and the Concerns of High Performance 
ZnMgTe/ZnTe Electro-Optical Waveguide].  ZnMgTe/ZnTe waveguide structure EO 
device was proposed with considerations of both EO effect efficiency increment and 
light intensity loss reduction.  In this chapter, the theory of waveguide device and 
theoretical calculation for good optical confinement and high crystal quality waveguide 
designed is provided.  
For the ZnMgTe/ZnTe waveguides, the refractive index difference between the 
core (ZnTe) and the cladding (ZnMgTe) layers was achieved by adding Mg into 
cladding layers.  The optical confinement and energy loss during the propagation of 
the waveguide structure are significantly associated with the penetration depth of 
evanescent wave while the total internal reflection occurs.  Penetration depth hence 
becomes an important factor for waveguide to achieve good optical confinement.  On 
the other hand, a large lattice mismatch between ZnMgTe and ZnTe layers (lattice 
mismatch between zinc-blende ZnTe and MgTe is 4.1%) would be a bottleneck to 
achieve the high performance device.  This large lattice mismatch would cause a high 
defect density in the waveguide structure and degrade the device performance.  
Therefore, the calculated critical layer thickness can become a prediction not only 
defect density but also crystal quality of ZnMgTe/ZnTe waveguides.  Moreover, it 
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provides the reasons and methods of posted ridge structure fabrication on 
ZnMgTe/ZnTe EO waveguide. 
Chapter 4 [High Performance Single-Step Index ZnMgTe/ZnTe Waveguide 
Structure].  In this chapter, the single-step ZnMgTe/ZnTe waveguide structures with 
various Mg compositions and cladding layer thicknesses were designed based on the 
theoretical calculation of penetration depth and the calculated critical layer thickness.  
The designed waveguide structures were grown using MBE method.  The crystal 
quality, optical and EO properties of each single-step ZnMgTe/ZnTe waveguides were 
examined.  The guideline for high performance single-step index ZnMgTe/ZnTe 
waveguide structure was then provided by comparing the experimental results and 
theoretical calculations. 
Chapter 5 [Crystal Quality Improvement and the Characteristics of Multi-Step 
Index ZnMgTe/ZnTe Waveguide Structure].  In this chapter, low Mg composition 
interlayers were inserted between the ZnMgTe and ZnTe layers in order to lessen the 
lattice mismatch and decrease the defect density in the core layer.  The two kinds of 
the multi-step waveguide were designed and fabricated.  Both of them improved the 
crystal quality in the device.  Intended optical and EO properties were confirmed in 
each waveguide.  The recommendation of high performance multi-step ZnMgTe/ZnTe 
waveguide design is also provided. 
Chapter 6 [Wet Mesa Etching Process of ZnMgTe/ZnTe waveguide].  In order to 
fabricate high performance waveguide structure, the mesa etching process was another 
important issue for ZnMgTe/ZnTe waveguide.  In this chapter, the characteristics of 
HF: HNO3: H2O etchant was investigated.  The ZnTe surface etched by HF : HNO3 : 
H2O following HCl rinse was much smoother compare to the surface without HCl rinse.  
The HCl rinse process was found to be able to remove oxide residues on ZnTe etched 
surface the after the HF : HNO3 : H2O etching.  Impacts of the etchant with various 
ratios of HF : HNO3 : H2O on the etching rates of ZnTe were then studied.  The HF : 
HNO3 : H2O etchant with suitable etching rate was successfully utilized on 
ZnMgTe/ZnTe waveguide and fabricated the ridge structure to suppress the light 
expansion on horizontal direction. 
Chapter 7 [Conclusions]. The chapter gives overview of the study, summarizes 
theoretical calculations and experimental results of the thesis, and gives an outlook on 
ZnMgTe/ZnTe waveguide toward future practical applications. 
The structure of thesis is showed as flow chart Fig. 1.2.1. 
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Fig. 1.2.1 The structure of thesis. 
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Chapter 2. Working Principle of ZnTe Electro-Optical Device 
 
    To utilize the Electro-Optical (EO) effect in the ZnTe and realize a high 
performance practical device, it is important to comprehend the EO effect in the ZnTe 
itself and the working principle of EO devices. 
    In this chapter, the overview of the different categories of EO effect is reviewed.  
The device working principles based on linear EO effect in the phase shift modulator 
and EO intensity modulator are presented.  The relations between the phase shift 
caused by EO effect and output light intensity modulation is derived using Jones 
calculation.  The phase shift generated by ZnTe is discussed in detail, and the 
theoretical calculation of phase shift for specific directions of applied electric field and 
light input is given. 
 
2.1 The Electro-Optical effect 
 
EO effect is phenomenon that the optical properties of a material change in 
response to an applied electric field.  The EO effect encompasses a number of different 
phenomena, which can be divided into: 
 
(1) Change of the refractive index and permittivity 
 
a. Pockels effect: Pockels effect is a linear EO effect that the refractive index changes 
linearly proportional to strength the electric field.  It was first discovered in quartz 
by Rontgen and Kundt in 1883, and was detail studied in detail experimentally and 
theoretically by F. Pockels [22], [23].  The materials that contend the Pockels 
effect are called Pockels cell.  It can generate a phase shift to the transmission 
beam when electrical field is applied on. Therefore, the polarization state of 
transmission beam can be modulated by the electric signal applied, to the crystal.  
This phenomenon is already been widely utilized in many practical applications 
including EO modulators and EO sensors [24] - [26]. 
 
b. Kerr effect: Kerr effect is a quadratic EO effect that the refractive index of the 
material changes in proportion to the square of the electric field.  This effect is first 
studied by John Kerr in optically isotropic media such as glasses and liquids [27], 
[28].  The material is known as the Kerr cell when the material is dominated by the 
Kerr effect.  However, in most of the applications, the Kerr effect can be ignored 
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because it is much weaker (requires five to ten times applied voltage) than the 
Pockels effect. 
    
c. Electron-refractive effect: The electron-refractive effect is a non-linear and 
reversible EO effect that the permittivity changes when the material is irradiated by 
high-energy electrons.  It can be observed in some amorphous materials and 
crystals, such as chalcogenide glasses (As2S3) and As-Se [29] - [31].  Direct 
electron beam writing technique (electron-beam lithography) is used in the most of 
all reports [32], [33]. 
 
 
(2) Change of the absorption  
 
a. Franz-Keldysh effect: Franz-Keldysh effect is EO effect that optical absorption 
changes of material when electric field is applied.  This phenomenon is occurred in 
some bulk semiconductors and is first developed by Franz and Keldysh in 1958 [35].  
The Franz–Keldysh effect can be used for electro-absorption modulators [36]. 
However, it usually requires hundreds of volts. 
 
b. Electrochromic effect: Electrochromic effect is phenomenon that the material can 
change color response to a strong electric field.  It is associated with the 
electrochemical oxidation–reduction reaction that is resulted from the different 
electronic absorption in visible region [37] - [39].  The change of the color is 
between a bleached (transparent) state and a colored state, or two kinds of colored 
state. Tungsten oxide (WO3) and nickel oxide (NiO) are the materials that most 
extensively studied for electrochromic devices such as smart windows and smarts 
glass [40], [41]. 
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2.2 Device utilized Linear Electro-Optical Effect 
 
An electric field applied to a material with linear EO effect modifies its refractive 
indices. Thereby the material is useful to produce electrically controllable optical device 
which modifies the polarization states of the polarized light. EO phase modulators [42], 
[43], EO intensity modulators and switches
 
are the most common applications [44] - 
[46]. 
 
(1) Electro-Optical phase modulator 
 
The EO phase modulator is a device that can control the output light polarization. 
When an EO crystal with an applied voltage the refractive indices would be changed 
linearly proportional to the strength of the electric field, and becomes a birefringent 
crystal that contends two refractive indices depends on the applied electric field [47], 
[48]. 
The nf and ns are the refractive indices of the “fast” and “slow” axes in a EO 
crystal with electric field applied on, respectively [49], [50].  The working principle of 
an EO phase modulator is shown as follows.  For a light that 45° linearly polarized to 
“fast” and “slow” axes propagates in an EO crystal, the light would be separated into 
two parts which are light that passes though the “fast” axis, and light that the passes 
though “slow” axis (Fig. 2.2.1).  The absolute phase change in the crystal for the “fast” 
and “slow” axes are 
2𝜋𝑛𝑓𝐿
𝜆
 (“fast” axis)                      (2.2.1) 
and 
2𝜋𝑛𝑠𝐿
𝜆
 (“slow” axis)                     (2.2.2) 
 
where 𝜆 is the wavelength of the propagating light in vacuum.  L is the cavity length 
of the crystal.  Thus, phase shift between the light that passes through the “fast” axis 
and “slow” axes is: 
 
𝛤 = 2𝜋(𝑛𝑠 − 𝑛𝑓)
𝐿
𝜆
                      (2.2.3) 
 
This phase shift (Г) between the light cause the change of light polarization state, and 
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output light become ellipsoid polarized, circular polarized, or linearly polarized in a 
certain direction (Fig. 2.2.2).  
 
 
Fig. 2.2.1 Light that 45° linearly polarized to “fast” and “slow” axes. 
 
 
 
Fig. 2.2.2 Light polarization state change due to the phase shift. (a) Linearly polarized 
input light. (b) With phase shift (Г), the output light polarization state becomes ellipsoid 
polarized. (c) With phase shift (Г = π/2), the output light polarization state becomes 
circular polarized output light. (d) With phase shift (Г = π), the output light polarization 
state becomes linearly polarized in a certain direction. 
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The phase shift generates by the EO crystal can be control by applied voltage, 
because the refractive indices in the EO crystal changes linearly proportional to the 
strength of the electric field.  The polarization state of output light can therefore be 
modulated by voltage signal as shows in Figure 2.2.3. 
 
 
 
Fig. 2.2.3 Schematic of EO phase modulator. 
 
 
To simplify theoretical calculation of the influence of the phase shift generated by 
EO phase modulator to the polarization state of light, Jones calculation is employed.  
Jones calculation is a convenient mathematic method to calculated the light polarization 
state (introduce by R. C. Jones in 1941 [51], [52]).  The polarization state of the plane 
wave can describe efficiently by Jones vector that is expressing in a term of its complex 
amplitudes as a column vector.  The Jones vector representation for linearly polarized 
light whose electric field oscillates along the coordinate axes x and y directions are: 
 
?̂? = (
1
0
)                          (2.2.4) 
and 
?̂? = (
0
1
)                          (2.2.5) 
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The optical elements operate to the light can be expressed using Jones matrices.  
The optical elements such as polarizer, wave plates, phase retarder, EO modulator and 
various other elements can be described as 2 × 2 matrices.  As we know that, the 
change of light polarization state in the EO phase modulator is cause by the phase shift 
between the light that passes through the “fast” axis and “slow” axes (Eq. 2.2.1).  The 
mean value of the absolute phase change (A) defines as: 
 
𝐴 =
1
2
(𝑛𝑠 + 𝑛𝑓)
2𝜋𝐿
𝜆
                     (2.2.6) 
 
Combine with the definition of the phase shift (Г) in Equation 2.2.1, the absolute 
phase change for the “fast” and “slow” axes in the crystal (Eq. 2.2.1 and Eq. 2.2.2) 
becomes 
 𝐴 −
1
2
𝛤 (“fast” axis)                    (2.2.7) 
and 
  𝐴 +
1
2
𝛤 (“slow” axis)                   (2.2.8) 
 
Since the polarization state change of the light depended on the phase shift 
between the light passed through “fast” and “slow” axes, the mean value of the absolute 
phase change (A) was ignored.  The corresponding 2 × 2 Jones matrix of EO crystal 
that generated phase shift (Г) that the input light is 45o linearly polarized to the “fast” 
axis and “slow” axis of the crystal is: 
 
𝐖 = (
𝑐𝑜𝑠
1
2
𝛤 −𝑖𝑠𝑖𝑛
1
2
𝛤
−𝑖𝑠𝑖𝑛
1
2
𝛤 𝑐𝑜𝑠
1
2
𝛤
)                  (2.2.9) 
 
To simplify the calculation, we rotate the coordinate to let the electric field of input 
linearly polarized light oscillates along the coordinate axes y direction (Fig 2.2.4).  
Thus, the representation Jones vector of input light becomes ?̂?, and the Jones vector 
representation of output light after the light passed through the EO phase modulator 
becomes 
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𝐎 = 𝐖 ?̂? = (
𝑐𝑜𝑠
1
2
Γ −𝑖𝑠𝑖𝑛
1
2
Γ
−𝑖𝑠𝑖𝑛
1
2
Γ 𝑐𝑜𝑠
1
2
Γ
) (
0
1
)                  
= (
−𝑖𝑠𝑖𝑛
1
2
Γ
𝑐𝑜𝑠
1
2
Γ
)                       (2.2.10) 
 
The output light according to the phase shift generated by EO phase modulator can 
be expressed using this Jones vector (Eq. 2.2.5).  
 
 
 
Fig 2.2.4 Coordinate rotation to let the electric field of linearly polarized light oscillates 
along the coordinate axes y direction, and 45
o
 linearly polarized to the “fast” axis and 
“slow” axis of the crystal. 
 
 
 
(2) Electro-Optical intensity modulator and switches 
 
Electro-Optical intensity modulator and switches can be formed by placing a 
polarizer after the EO phase modulator.  The intensity of light that transmitted the 
polarizer is associated to output light polarization state (Fig. 2.2.5). Since the light 
polarization state can be controlled by the EO phase modulator, the transmittance of 
the device is electrically controllable and can be used as EO intensity modulator and 
switches (Fig. 2.2.6). 
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Fig. 2.2.5 An Electro-Optical intensity modulator using an EO phase modulator with 
polarizer crossed to input light linearly polarized state. 
 
 
Jones matrix representation of polarizers transmitting light with electric field 
parallel to x are y direction, respective, are given by: 
 
𝐏𝒙 = (
1 0
0 0
)                         (2.2.11) 
and 
𝐏𝒚 = (
0 0
0 1
)                         (2.2.12) 
 
Referring Fig. 2.2.4 and Fig. 2.2.5, the input linearly polarized light oscillates along the 
coordinate axes y direction and 45° linearly polarized to the “fast” axis and “slow” axis 
of the crystal.  A polarizer crossed to the input linearly polarized is placed the EO phase 
modulator to from the EO intensity modulator.  Combine with the output light according 
to the phase shift generated by EO phase modulator (Eq. 2.2.9), the transmitted beam (E) 
for EO intensity modulator is: 
 
𝐄 = 𝐏𝒙𝐖 ?̂?                                              
= (
1 0
0 0
)(
𝑐𝑜𝑠
1
2
Γ −𝑖𝑠𝑖𝑛
1
2
Γ
−𝑖𝑠𝑖𝑛
1
2
Γ 𝑐𝑜𝑠
1
2
Γ
) (
0
1
)                     
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       = (
−𝑖𝑠𝑖𝑛
1
2
Γ
0
)                               (2.2.13) 
 
The transmitted light intensity ratio (T) is given by 
 
𝑇 = 𝐄 ∙ 𝐄∗ = 𝑇𝑜𝑠𝑖𝑛
2 (
𝛤
2
)                       (2.2.14) 
 
where To is corresponding to the input light intensity. 
 
 
 
 
Fig. 2.2.6  Intensity modulation referring to the phase modulation.  To is corresponding 
to the input light intensity and Г is the phase shift generated by EO modulation. 
 
 
Based on the theoretical calculation of Equation (2.2.14), the phase shift obtained 
at around 0° causes little intensity change.  On the other hand, the phase shift changed 
at around 90° causes relatively large intensity change (Fig. 2.2.7).   
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Fig. 2.2.7 The theoretical calculation of intensity of light passed through the polarizer (T) 
as a function of phase shift (Γ). 
 
To observe a large intensity change caused by the small phase shift, the light 
intensity around 90° phase shift is preferred.  Thus, a quarter-wave plate (QWP) is 
introduced to add a 90°
 
(π/2) phase shift in order to achieve this requirement. The 
corresponding 2 × 2 Jones matrix of QWP is Q: 
 
𝐐 = (
𝑐𝑜𝑠
1
2
𝜋
2
−𝑖𝑠𝑖𝑛
1
2
𝜋
2
−𝑖𝑠𝑖𝑛
1
2
𝜋
2
𝑐𝑜𝑠
1
2
𝜋
2
)                  (2.2.15) 
 
Therefore, Eq. 2.2.7 becomes: 
 
𝐄 = 𝐏𝒙𝐐𝐖 ?̂?                                                   
= (
1 0
0 0
)(
𝑐𝑜𝑠
1
2
𝜋
2
−𝑖𝑠𝑖𝑛
1
2
𝜋
2
−𝑖𝑠𝑖𝑛
1
2
𝜋
2
𝑐𝑜𝑠
1
2
𝜋
2
)(
𝑐𝑜𝑠
1
2
𝛤 −𝑖𝑠𝑖𝑛
1
2
𝛤
−𝑖𝑠𝑖𝑛
1
2
𝛤 𝑐𝑜𝑠
1
2
𝛤
)(
0
1
)       
= (−𝑖𝑠𝑖𝑛
1
2
(𝛤 +
𝜋
2
)
0
)                                 (2.2.16) 
 
where Q represents Jones matrix of QWP. 
Then the transmitted light intensity ratio (T) becomes: 
17 
 
 
𝑇 = 𝐸 ∙ 𝐸∗ = 𝑇𝑜𝑠𝑖𝑛
2 (
𝛤+
𝜋
2
2
)                   (2.2.17) 
 
The transmitted light intensity ratio according to the phase shift generated by the EO 
modulator can be expressed by equation showing above. 
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2.3 ZnTe Electro-Optical Device 
 
In previous section, common applications that utilized linear EO effect and their 
working principles had been shown.  In this section, to realize the ZnTe EO device, the 
theoretical calculation on refractive index change in the EO crystal with applied electric 
field is presented.  Furthermore, the phase shift due to refractive index change 
generated by the ZnTe crystal is offered. 
 
2.3.1 The refraction index change in a crystal contends linear electro-optical effect 
 
For a crystal, the primary optical property is the refractive index. The refractive 
index in the EO crystal is a function of the applied electric field.  This phenomenon is 
due to redistribution of bond charge and possibly a slight deformation of the ion lattice 
caused by the application of an electric field. 
The refractive index in the EO crystal can be described using index ellipsoid.  For 
the EO crystal without an electric field, the index ellipsoid equation is given as [53], 
[54]: 
 
?̂?2
𝑛𝑥
2 +
?̂?2
𝑛𝑦
2 +
?̂?2
𝑛𝑧
2 = 1                      (2.3.1) 
 
where ?̂?, ?̂? and ?̂? are normalized coordinates of propagation wave energy density 
along the crystallographic or principal axes x, y and z. nx, ny and nz are the principal 
refractive index at x, y and z directions.  This index ellipsoid is useful to find the two 
refractive indices corresponding to the two independent electric field oscillation 
directions of light traveling along an arbitrary direction in crystal. 
The equation of the index ellipsoid of crystal in presence of an electric arbitrary 
field (E) is [54]: 
 
(
1
𝑛2
)
1,𝐸
?̂?2 + (
1
𝑛2
)
2,𝐸
?̂?2 + (
1
𝑛2
)
3,𝐸
?̂?2                       
+2(
1
𝑛2
)
4,𝐸
?̂??̂? + 2 (
1
𝑛2
)
5,𝐸
?̂??̂? + 2 (
1
𝑛2
)
6,𝐸
?̂??̂? = 1           (2.3.2) 
 
where (
1
𝑛2
)
1,𝐸
, (
1
𝑛2
)
2,𝐸
, (
1
𝑛2
)
3,𝐸
, (
1
𝑛2
)
4,𝐸
, (
1
𝑛2
)
5,𝐸
,and  (
1
𝑛2
)
6,𝐸
 are refractive index 
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tensors that impacted by electric field E.  For crystal without an electric field, the 
Equation 2.3.2 should be reduced to Equation 2.3.1.  Therefore, when applied electric 
field is zero (E = 0),  
 
    (
1
𝑛2
)
1,𝐸=0
=
1
𝑛𝑥
2                                
(
1
𝑛2
)
2,𝐸=0
=
1
𝑛𝑦
2                                 
(
1
𝑛2
)
3,𝐸=0
=
1
𝑛𝑧
2                                
(
1
𝑛2
)
4,𝐸=0
= 0                                
(
1
𝑛2
)
5,𝐸=0
= 0                                
(
1
𝑛2
)
6,𝐸=0
= 0                          (2.3.3) 
 
The EO coefficient is defined as: 
 
(
1
𝑛2
)
𝑖,𝐸
− (
1
𝑛2
)
𝑖,𝐸=0
≡ ∆(
1
𝑛2
)
𝑖
= 𝑟𝑖𝑗𝐸𝑗                    
𝑖 = 1, 2, 3, 4, 5, 6                       (2.3.4) 
 
where values j = 1, 2, 3 represents the x, y, z, relatively, and rij is the EO coefficient of 
linear EO effect (Pockels effect).  The Equation can than express in matrix form as the 
6 × 3 matrix of rij is known as the EO tensor matrix of the crystal (Eq. 2.3.5) 
 
[
 
 
 
 
 
 
 
 
 
 ∆ (
1
𝑛2
)
1
∆ (
1
𝑛2
)
2
∆ (
1
𝑛2
)
3
∆ (
1
𝑛2
)
4
∆ (
1
𝑛2
)
5
∆ (
1
𝑛2
)
6]
 
 
 
 
 
 
 
 
 
 
=
[
 
 
 
 
 
𝑟11
𝑟21
𝑟12
𝑟22
𝑟13
𝑟23
𝑟31
𝑟41
𝑟32
𝑟42
𝑟33
𝑟43
𝑟51
𝑟61
𝑟52
𝑟62
𝑟53
𝑟63]
 
 
 
 
 
∙ [
𝐸𝑥
𝐸𝑦
𝐸𝑧
]              (2.3.5) 
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Because 
(
1
𝑛2
)
𝑖,𝐸
= 𝑟𝑖𝑗𝐸𝑗 + (
1
𝑛2
)
𝑖,𝐸=0
                          
𝑖 = 1, 2, 3, 4, 5, 6                       (2.3.6) 
 
The Equation 2.3.2 becomes 
 
(𝑟11𝐸𝑥 + 𝑟12𝐸𝑦 + 𝑟13𝐸𝑧 +
1
𝑛𝑥
2) ?̂?
2 + (𝑟21𝐸𝑥 + 𝑟22𝐸𝑦 + 𝑟23𝐸𝑧 +
1
𝑛𝑦
2) ?̂?
2            
+(𝑟31𝐸𝑥 + 𝑟32𝐸𝑦 + 𝑟33𝐸𝑧 +
1
𝑛𝑧
2) ?̂?
2 + 2(𝑟41𝐸𝑥 + 𝑟42𝐸𝑦 + 𝑟43𝐸𝑧)?̂??̂?             
+2(𝑟51𝐸𝑥 + 𝑟52𝐸𝑦 + 𝑟53𝐸𝑧)?̂??̂? + 2(𝑟61𝐸𝑥 + 𝑟62𝐸𝑦 + 𝑟63𝐸𝑧)?̂??̂? = 1      (2.3.7) 
 
The EO tensor matrix of crystal is based on the symmetry of the crystal.  For common 
EO materials such as lithium niobate (LiNbO3), potassium dihydrogen phosphate 
(KH2PO4) and gallium arsenide (GaAs), the crystal system are trigonal (3m), tetragonal 
(4̅2m) and Cubic (4̅3m), respectively.  The EO tensor matrixes of crystal are 
 
Trigonal (3m): 
[
 
 
 
 
 
0
0
−𝑟22
𝑟22
𝑟13
𝑟13
0
0
0
𝑟51
𝑟33
0
𝑟51
0
0
0
0
0 ]
 
 
 
 
 
                       (2.3.8) 
Tetragonal (4̅2m): 
[
 
 
 
 
 
0
0
0
0
0
0
0
𝑟41
0
0
0
0
0
0
𝑟41
0
0
𝑟63]
 
 
 
 
 
                        (2.3.9) 
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Cubic (4̅3m): 
[
 
 
 
 
 
0
0
0
0
0
0
0
𝑟41
0
0
0
0
0
0
𝑟41
0
0
𝑟41]
 
 
 
 
 
                       (2.3.10) 
Therefore, Equation 2.3.7 could be simplified based on the chosen symmetry of the 
crystal chosen.  Since the propagation characteristic of the light is governed by the 
index ellipsoid.  The phase shift that generated from the crystal in presence of an 
electric field can be derived using the equation. 
 
 
2.3.2 Linear electro-optical effect in ZnTe crystal 
 
ZnTe is a EO crystal with cubic (zincblende) crystal system, 4̅3m space group, and 
the EO tensor matrix of crystal is 
 
[
 
 
 
 
 
𝑟11
𝑟21
𝑟12
𝑟22
𝑟13
𝑟23
𝑟31
𝑟41
𝑟32
𝑟42
𝑟33
𝑟43
𝑟51
𝑟61
𝑟52
𝑟62
𝑟53
𝑟63]
 
 
 
 
 
=
[
 
 
 
 
 
0
0
0
0
0
0
0
𝑟41
0
0
0
0
0
0
𝑟41
0
0
𝑟41]
 
 
 
 
 
               (2.3.11) 
 
where EO coefficient r41 of the ZnTe is about 4.45 pm/V and 𝑛𝑥 = 𝑛𝑦 = 𝑛𝑧 = 𝑛𝑜. 
When a ZnTe crystal in the presence of a field E (Ex, Ey, Ez), the equation of the index 
ellipsoid in crystal that obtains from Equation 2.3.7 becomes 
 
?̂?2
𝑛𝑜
2 +
?̂?2
𝑛𝑜
2 +
?̂?2
𝑛𝑜
2 + 2𝑟41𝐸𝑥?̂??̂? + 2𝑟41𝐸𝑦?̂??̂? + 2𝑟41𝐸𝑧?̂??̂? = 1       (2.3.12) 
 
Equation 2.3.12 can be further simplified by defining the orientation of the applied 
electric field.  For the electric field parallel to the z direction (Ex = Ey = 0, Ez = E), the 
Equation 2.3.12 then becomes 
 
?̂?2
𝑛𝑜
2 +
?̂?2
𝑛𝑜
2 +
?̂?2
𝑛𝑜
2 + 2𝑟41𝐸𝑧?̂??̂? = 1                 (2.3.13) 
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Equation 2.3.13 is therefore including an additional “mixed” term in the index ellipsoid.  
This term indicates the major axes of the index ellipsoid of the ZnTe crystal with 
applied electric field are no long parallel to the crystal principle axes x, y and z.  Thus, 
finding a direction of new axes and the corresponding magnitudes of refractive indices 
in the presence of a field Ez is necessary. 
To find a new coordinate system (x’, y’, z’) in which the Equation 2.3.13 contains 
no mixed terms; that is the form 
 
𝑥′̂
2
𝑛
𝑥′
2 +
𝑦′̂
2
𝑛
𝑦′
2 +
𝑧 ′̂
2
𝑛
𝑧′
2 = 1                       (2.3.14) 
 
x’, y’ and z’ are the new directions of the major axes of the refractive ellipsoid.  nx’, ny’ 
and nz’ are the corresponding magnitudes of refractive indices in the presence of a field 
Ez. 
    By inspection, the z’ of new coordinate system is parallel to z, and the x’ and y’ are 
related to x and y by a rotation of θ along the z axis. 
 
?̂? = 𝑥 ′̂𝑐𝑜𝑠𝜃 − 𝑦 ′̂𝑠𝑖𝑛𝜃                             
ŷ = 𝑥 ′̂𝑐𝑜𝑠𝜃 + 𝑦 ′̂𝑠𝑖𝑛𝜃                             
?̂? = 𝑧 ′̂                                  (2.3.15) 
 
 
 
 
Fig. 2.3.1 The x, y, z axes of ZnTe (4̅3m) crystal and the x’, y’, z’ axes of new 
coordinate system, where z is the optic axis and x and y are twofold symmetry axes. 
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By substitute the Equation 2.3.15 from Equation 2.3.13, it becomes 
 
(𝑥′̂𝑐𝑜𝑠𝜃−𝑦′̂𝑠𝑖𝑛𝜃)
2
𝑛𝑜
2 +
(𝑥′̂𝑐𝑜𝑠𝜃+𝑦′̂𝑠𝑖𝑛𝜃)
2
𝑛𝑜
2 +
𝑧 ′̂
2
𝑛𝑜
2                                    
+2𝑟41𝐸𝑧(𝑥 ′̂𝑐𝑜𝑠𝜃 − 𝑦 ′̂𝑠𝑖𝑛𝜃)(𝑥 ′̂𝑐𝑜𝑠𝜃 + 𝑦 ′̂𝑠𝑖𝑛𝜃) = 1       (2.3.16) 
 
The Equation 2.3.16 can be rearrange as 
 
(
𝑐𝑜𝑠2𝜃+𝑠𝑖𝑛2𝜃
𝑛𝑜
2 ) 𝑥
′̂2 + (
𝑐𝑜𝑠2𝜃+𝑠𝑖𝑛2𝜃
𝑛𝑜
2 ) 𝑦
′̂2 +
𝑧 ′̂
2
𝑛𝑜
2                                    
+2𝑟41𝐸𝑧 (𝑥 ′̂
2
𝑠𝑖𝑛𝜃𝑐𝑜𝑠𝜃 + 𝑥 ′̂𝑦 ′̂𝑐𝑜𝑠2𝜃 − 𝑥 ′̂𝑦 ′̂𝑠𝑖𝑛2𝜃 + 𝑦 ′̂
2
𝑠𝑖𝑛𝜃𝑐𝑜𝑠𝜃) = 1  (2.3.17) 
 
Due to Pythagorean identity in trigonometric functions “𝑐𝑜𝑠2𝜃 + 𝑠𝑖𝑛2𝜃 = 1”, the 
Equation 2.3.17 can be simplified as 
 
(
1
𝑛𝑜
2) 𝑥
′̂2 + (
1
𝑛𝑜
2) 𝑦
′̂2 + (
1
𝑛𝑜
2) 𝑧
′̂2                                           
  
+2𝑟41𝐸𝑧 (𝑥 ′̂
2
𝑠𝑖𝑛𝜃𝑐𝑜𝑠𝜃 + 𝑥 ′̂𝑦 ′̂𝑐𝑜𝑠2𝜃 − 𝑥 ′̂𝑦 ′̂𝑠𝑖𝑛2𝜃 + 𝑦 ′̂
2
𝑠𝑖𝑛𝜃𝑐𝑜𝑠𝜃) = 1  (2.3.18) 
 
The symmetry of the equation leads us to choose the θ to be 45° which pleasantly 
reduces Equation 2.3.18 to 
 
(
1
𝑛𝑜
2 + 𝑟41𝐸𝑧)𝑥
′̂2 + (
1
𝑛𝑜
2 − 𝑟41𝐸𝑧) 𝑦
′̂2 + (
1
𝑛𝑜
2) 𝑧
′̂2 = 1        (2.3.19) 
 
By comparing Equation 2.3.14 and 2.3.19, we conclude that 
 
1
𝑛
𝑥′
2 =
1
𝑛𝑜
2 + 𝑟41𝐸𝑧                       (2.3.20) 
1
𝑛
𝑦′
2 =
1
𝑛𝑜
2 − 𝑟41𝐸𝑧                       (2.3.21) 
1
𝑛
𝑧′
2 =
1
𝑛𝑜
2                              (2.3.22) 
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By assuming that the differential change in the refractive index of the crystal is very 
small when an electric field is applied, it means  
 
𝑟41𝐸𝑧 ≪
1
𝑛𝑜
2                           (2.3.23) 
,and 
𝑛𝑥′ ≈ 𝑛𝑜                            (2.3.24) 
𝑛𝑦′ ≈ 𝑛𝑜                            (2.3.25) 
𝑛𝑧′ = 𝑛𝑜                            (2.3.26) 
 
This assumption of a small differential change in the refractive index when an electric 
field is applied also lets us to rewrite Equations 2.3.21, 2.3.22, 2.3.24 and 2.3.26 as 
 
1
𝑛
𝑥′
2 =
1
𝑛𝑜
2 +
𝑑
𝑑𝑛
(
1
𝑛𝑜
2)                        (2.3.27) 
1
𝑛
𝑦′
2 =
1
𝑛𝑜
2 −
𝑑
𝑑𝑛
(
1
𝑛𝑜
2)                        (2.3.28) 
and 
𝑛𝑥′ = 𝑛𝑜 +
𝑑
𝑑𝑛
(𝑛𝑜)                       (2.3.29) 
𝑛𝑦′ = 𝑛𝑜 +
𝑑
𝑑𝑛
(𝑛𝑜)                       (2.3.30) 
 
To solve for nx’ and ny’, following differential relation is used 
 
𝑑
𝑑𝑛
(𝑛𝑜) = −
1
2
𝑛3
𝑑
𝑑𝑛
(
1
𝑛𝑜
2)                     (2.3.31) 
 
by substituting Equations 2.3.31, 2.3.27 and 2.3.28 into Equation 2.3.29 and 2.3.30, we 
get 
 
𝑛𝑥′ − 𝑛𝑜 = −
1
2
𝑛3(
1
𝑛
𝑥′
2 −
1
𝑛𝑜
2)                   (2.3.32) 
𝑛𝑦′ − 𝑛𝑜 = −
1
2
𝑛3(
1
𝑛
𝑦′
2 −
1
𝑛𝑜
2)                   (2.3.33) 
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The Equations (2.3.24) and (2.3.25) can therefore write as 
 
  𝑛𝑥′ = 𝑛𝑜 −
1
2
𝑛3𝑟41𝐸𝑧                      (2.3.34) 
𝑛𝑦′ = 𝑛𝑜 +
1
2
𝑛3𝑟41𝐸𝑧                      (2.3.35) 
 
Equation (2.3.34) and (2.3.35) gives the new refractive indices of along the new major 
axes of the ZnTe crystal with an electric field that Ez applied longitudinally.  These 
new directions of the major axes and new refractive indices would be effected 
depending on the directions of applied electric field. 
The phase shift generated by ZnTe with a presence of a field can then be calculated 
by using the results show in above.  Because the refractive indices in the crystal 
associated to the direction of propagation light, the phase shift generated by the ZnTe 
would be influenced by it. 
Following the results of the new refractive indices in the ZnTe with an electric 
field (Ez) that applied at z direction, we give two examples of theoretical calculation of 
phase shift that is generated by the ZnTe crystal on different direction of propagation 
light. 
 
 
 
 
Case 1 
 
For the propagation light along the z direction, according to Equation 2.3.34, 2.3.35 and 
2.3.26.  The “fast” and “slow” axes are x’ and y’ axes, respectively.  Thus, the 
refractive indices of nf and ns are 
 
𝑛𝑓 = 𝑛𝑥′ = 𝑛𝑜 −
1
2
𝑛3𝑟41𝐸𝑧                   (2.3.36) 
𝑛𝑠 = 𝑛𝑦′ = 𝑛𝑜 +
1
2
𝑛3𝑟41𝐸𝑧                   (2.3.37) 
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phase shift Equation 2.2.3 becomes 
 
𝛤 = 2𝜋(𝑛𝑠 − 𝑛𝑓)
𝐿
𝜆
= 2𝜋(𝑛𝑦′ − 𝑛𝑥′)
𝐿
𝜆
= 2𝜋𝑛3𝑟41𝐸𝑧
𝐿
𝜆
         (2.3.38) 
 
Since 𝑉 = 𝐸𝑧𝐿 
𝛤 =
2𝜋
𝜆 
𝑛3𝑟41𝑉                        (2.3.39) 
 
 
 
Case 2 
 
For the propagation light along the xy direction, the “fast” and “slow” axes are x’ and z’ 
axes, respectively. Thus, the refractive indices of nf and ns are 
 
𝑛𝑓 = 𝑛𝑥′ = 𝑛𝑜 −
1
2
𝑛3𝑟41𝐸𝑧                   (2.3.40) 
𝑛𝑠 = 𝑛𝑧′ = 𝑛𝑜                             (2.3.41) 
 
phase shift Equation 2.2.3 becomes 
 
𝛤 = 2𝜋(𝑛𝑠 − 𝑛𝑓)
𝐿
𝜆
= 2𝜋(𝑛𝑧′ − 𝑛𝑥′)
𝐿
𝜆
= 𝑛3𝑟41𝐸𝑧
𝐿
𝜆
            (2.3.42) 
 
Let the thickness of the crystal is d and 𝐸 = 𝑉/𝑑 
 
𝛤 =
𝜋
𝜆 
𝑉
𝑑 
𝑛3𝑟41𝐿                        (2.3.43) 
 
This calculation can be utilized in the different applied electric filed and 
propagation light directions.  Fig. 2.3.2 summarizes the phase-shit and the EO 
properties of ZnTe crystal which the electric field along (100), (110) and (111) 
directions [56]. 
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Fig. 2.3.2 Phase shift in ZnTe for three direction of applied field. (a), (b) and (c) are 
ZnTe crystal with electric field along (100) direction, (110) direction, and (111) 
direction, respectively. 
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2.4 Summary of Chapter 2 
 
The constructions and working principles of device using linear EO effect such EO 
phase modulator and EO intensity modulator are presented.  In EO phase modulator, 
change in the refractive index caused by the applied electric field is properly used to 
generate a phase shift between the light passed though “fast” and “slow” axes of the 
material.  The polarization states of propagated light can then be controlled by how 
much phase shift is generated on it.  The EO intensity modulator utilizes the 
polarization state controlled by EO phase modulator, and converts change in light 
polarization state into change in intensity of light transmitted through a polarizer. 
The refractive index change due to linear EO effect in ZnTe is theoretically 
calculated using the index ellipsoid and the EO tensor matrix.  Concrete expression for 
the phase shift is also given.  For the electric field (E) parallel to the z direction (001) 
and propagating light passes along the xy direction (110), the phase shift generated in 
ZnTe can be described as: 
 
𝛤 =
𝜋
𝜆 
𝑉
𝑑 
𝑛3𝑟41𝐿                        (2.3.43) 
 
This equation indicates that the thin film ZnTe device is desirable to generate larger 
phase shift than the bulk device. 
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Chapter 3. The Requirements and the Concerns of High Performance 
ZnMgTe/ZnTe Electro-Optical Waveguide 
 
The results of previous chapter indicate that it is important for a high performance 
EO device realized large phase shift under a small applied voltage.  Based on the 
Equation 2.3.43, it is noticeable that the thin film ZnTe is able to generate large phase 
shift with a small applied voltage.  The thin film ZnTe waveguide structure is therefore 
suitable to realize high performance EO device. 
The high performance EO waveguide is also required to have good optical 
confinement, high crystal quality and the ability to propagated light without expansion.  
However, to accomplish a thin film ZnTe waveguide structure with these three 
requirements is a very difficult task because of its natures.  In this chapter, the 
requirements for high performance EO waveguide are discussed in detail theoretically.  
Guiding principles to overcome the difficulties and the problems in ZnMgTe/ZnTe EO 
waveguide fabrication is also deliberate based on these theoretical calculations and the 
referral studies. 
 
3.1 The Requirements of High Performance Electro-Optical Waveguide 
 
For high performance EO device, thin film waveguide structure was proposed with 
the aim to improve the efficiency of device including the low propagation loss and 
applied voltage bias.  In order to fabricate high performance waveguide for EO device, 
there are three main requirements that need to be carefully concerned. 
 
(1) Good optical confinement 
 
The waveguide structure consists of a transparent core layer sandwiched by two 
cladding layers with lower refraction index.  It can guide light without the expansion 
using total internal reflection. This is a common optical phenomenon that occurs when a 
light strikes a medium boundary with lower refraction index at a larger incident angle 
(Fig 3.1.1). 
Snell's law is a formula used to describe the relationship between the angles of 
incidence and refraction 
 
𝑛𝑖 sin 𝜃𝑖 =𝑛𝑡 sin 𝜃𝑡                    (3.1.1) 
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where the ni and nt are the refractive indices of incident and transparent mediums.  θi 
and θt are the incident and refractive angle, respectively.  When light penetrates from a 
medium with a higher refractive index to one with a lower refractive index, the Snell's 
law in some cases that the sine of the angle of refraction seen to be greater than one. 
Since it is physically impossible, the light is completely reflected at the boundary and 
known as total internal reflection [57] - [59].  The smallest possible incident angle that 
result in to a total internal reflection is called the critical angle; in this case the refractive 
light travels along the boundary between the two mediums. Refractive angle is 90° 
(𝜃𝑡 = 90°, sin𝜃𝑡 = 1) when the incident angle is critical angle (𝜃𝑐), Equation 3.1.1 
becomes 
 
𝑛𝑖 𝑠𝑖𝑛 𝜃𝑐 =𝑛𝑡 𝑠𝑖𝑛 𝜃𝑡 =𝑛𝑡 ∙ 1                      (3.1.2) 
 
the critical angle is therefore derived used Equation 3.1.3 
 
                   𝜃𝑐 = 𝑠𝑖𝑛
−1 (
𝑛𝑡
𝑛𝑖
)                            (3.1.3) 
 
When the incident angle is larger than critical angle, the light can be total internal 
reflected.  And the larger refractive index difference between the mediums would 
cause the smaller critical angle. 
 
 
Fig 3.1.1 The schematic of a light strikes a medium with lower refraction index. (a) 
Incident angle is smaller than critical angle and partial light is passed into the medium 
with lower refraction index. (b) Incident angle is larger than critical angle and the light 
is total internal reflected. 
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Fig. 3.1.2 The schematic of electric field of light at medium boundary. 
 
   In order to realize the waveguide with good optical confinement, the light that 
transmitted into the cladding layer is significant.  Therefore, the electric field of the 
light at the medium boundary is caught much attention.  Fig. 3.1.2 shows the 
schematic of electric field of light at medium boundary [49].  When a light strike to a 
medium boundary, the expression of wave function for the transmitted electric field in 
the surrounding medium is 
 
𝐸𝑡⃑⃑  ⃑ = 𝐸0𝑡⃑⃑⃑⃑⃑⃑ 𝑒𝑥𝑝 𝑖(𝑘𝑡⃑⃑  ⃑ ∙ 𝑟 )                     (3.1.4) 
Where 
            𝑘𝑡⃑⃑  ⃑ ∙ 𝑟 = 𝑘𝑡 𝑠𝑖𝑛 𝜃𝑡𝑧 + 𝑘𝑡 𝑐𝑜𝑠 𝜃𝑡𝑥                (3.1.5) 
 
𝑘𝑡⃑⃑  ⃑ is the wave number in surrounded medium. z is the direction of light propagation 
and x is the direction toward outside of the boundary between mediums. 
 
base on Snell’s law (Eq. 3.1.1) 
 
𝑠𝑖𝑛 𝜃𝑡 =
𝑛𝑖
𝑛𝑡
𝑠𝑖𝑛𝜃𝑖                      (3.1.6) 
due to Pythagorean identity 
 
𝑐𝑜𝑠2𝜃𝑡 = 1 − 𝑠𝑖𝑛
2𝜃𝑡                     (3.1.7) 
 
And 
 
𝑐𝑜𝑠 𝜃𝑡 = ±(1 − 𝑠𝑖𝑛
2𝜃𝑡)
1
2⁄                   (3.1.8) 
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Combine Equation 3.1.6 and 3.1.8, cos 𝜃𝑡  becomes 
 
𝑐𝑜𝑠 𝜃𝑡 = ±(1 −
𝑠𝑖𝑛2𝜃𝑖
(𝑛𝑡/𝑛𝑖)
2)
1
2⁄
                  (3.1.9) 
 
Once we concern the case of total internal reflation, thus 
 
sin 𝜃𝑖 >
𝑛𝑡
𝑛𝑖
                         (3.1.10) 
 
Equation 3.1.9 is then therefore becomes 
 
cos 𝜃𝑡 = ±𝑖 (
𝑠𝑖𝑛2𝜃𝑖
(𝑛𝑡/𝑛𝑖)
2 − 1)
1
2⁄
                (3.1.11) 
 
substitute Equation 3.1.11 and 3.1.6 into 3.1.5 
 
𝑘𝑡⃑⃑  ⃑ ∙ 𝑟 = 𝑘𝑡 si𝑛 𝜃𝑡𝑧 + 𝑘𝑡 cos 𝜃𝑡𝑥                              
 = 𝑘𝑡
𝑛𝑖
𝑛𝑡
𝑠𝑖𝑛𝜃𝑖  𝑧 ± 𝑖𝑘𝑡 (
𝑠𝑖𝑛2𝜃𝑖
(𝑛𝑡/𝑛𝑖)
2 − 1)
1
2⁄
𝑥           (3.1.12) 
 
To simplify the equation, we define 
 
β = 𝑘𝑡 (
𝑠𝑖𝑛2𝜃𝑖
(𝑛𝑡/𝑛𝑖)
2 − 1)
1
2⁄
                   (3.1.13) 
 
Since k𝑡  =  2π𝑛𝑖/λ𝑖, where λi is incident light wavelength. 
 
β =  
2π√(𝑛𝑖𝑠𝑖𝑛𝜃𝑖)
2−𝑛𝑡2
𝜆𝑖
                     (3.1.14) 
 
Therefore combine Equation (3.1.12) and (3.1.13), 𝐸𝑡⃑⃑  ⃑ (Eq. 3.1.4) becomes, 
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𝐸𝑡⃑⃑  ⃑ =  𝐸0 𝑒𝑥𝑝[−𝛽𝑥] 𝑒𝑥𝑝[𝑖(𝑘𝑡 (
𝑛𝑖
𝑛𝑡
) 𝑠𝑖𝑛 𝜃𝑖 𝑧]          (3.1.15) 
 
The positive part in exponential term of Equation 3.1.15 is neglected, because it is 
physically impossible.  Bases on this equation, we know that the electromagnetic field 
of light drops exponentially away from the interface, this electromagnetic field is so 
called evanescent wave.  When x = 1/β, the electromagnetic field intensity of the 
evanescent wave falls to 1/e (about 37%) of the value at the interface. We defines this 
distance as 1/e penetration depth (dp1/e) 
 
𝑑𝑝1 𝑒⁄ =
𝜆𝑖
2𝜋√(𝑛𝑖𝑠𝑖𝑛𝜃𝑖)
2−𝑛𝑡2
                  (3.1.16) 
 
For a waveguide with good optical confinement, the cladding layer thickness must 
be larger than 1/e penetration depth; otherwise, great amount of energy leaks associated 
with evanescent wave would occur and increase the light propagation loss. 
 
(2) High Crystal Quality 
 
    Crystal quality is another key issue for high performance EO devices.  In EO 
waveguide, the EO material core layer sandwiched by two cladding layers with lower 
refraction index.  Since the core and cladding layers are made by different materials, 
they might contend different lattice constants (heterostructure) [60].  During the device 
growth, lattice mismatch due to different lattice constants would cause the misfit 
dislocation at the interfaces and degrade the device performance (Fig. 3.1.3). 
 
 
 
Fig. 3.1.3 Two layers with mismatched lattice constant resulting in dislocations. 
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    The misfit dislocation defects at the layer interfaces must consider the 
accommodation of strain energy across the interfaces [61], [62].  As the layer becomes 
thicker, strain energy starts building higher that it grows harder to match the atomic 
spacing of the lower layer.  When the grown layer thickness is under the critical layer 
thickness (CLT, hc), the stress force due to the lattice mismatch is balanced by restoring 
stress from the line tension of the dislocation.  Once thickness goes above critical layer 
thickness, there exists a driving force from lattice mismatch to drag dislocation along 
the interface to relax some of the strain (Fig. 3.1.4).  It would cause the misfit 
dislocations extend along the interface between layers, and some can be relieved by the 
motion of dislocations threading through the layer [63]. 
    Semiconductor devices are very sensitive to the defects and have been reported 
that the lifetime of the light-emitting diode would be limited by defects [64], [65].  For 
waveguide structure for EO device, degradation of the crystal quality that cause lower 
EO efficiency if the orientation and domain structure are not uniformed.  At the same 
time, the misfit dislocation at the interfaces might induce the asperities and cause the 
roughness at reflecting boundary.  It might result in the scattering loss and increase the 
light propagation loss in the device (Fig. 3.1.5) [66]. 
 
 
 
 
Fig.3.1.4 Dislocation generation in heterostructure during epitaxial growth. (a) Grown 
layer thickness is under the critical layer thickness. (b) Grown layer thickness is equal to 
critical layer thickness. (c) Grown layer thickness is above critical layer thickness. 
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Fig. 3.1.5 Light propagation in waveguide with asperities at the core and cladding layers’ 
interfaces. 
 
 
(3) Propagating Light without Horizontal Expansion 
 
A multilayered waveguide structure is a planer waveguide, which can suppress the 
light expression at vertical direction, utilized the total internal reflection of light and 
propagating light along guiding direction [67].  However, for the practical or 
commercial devices, the light insertion loss between devices also needs to be well 
considered.  The planer waveguide is not capable to suppress the light expression at 
horizontal direction.  Therefore, light output is not concentrated which leads to large 
the light insertion loss. 
In order to decrease the insertion loss from device to another device and improve 
efficiency of the integrated device system, the light output must be concentrated without 
horizontal expansion.  Thus, the ridge structured is suggested.  The ridge waveguide 
structure is usually fabricated by post etching after the multilayered waveguide structure 
is formed.  It narrows the guiding path of light by using air as a cladding material that 
produces much concentrated light output.  The comparison between planer and ridge 
waveguides structure is shown in Fig 3.1.6. 
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Fig. 3.1.6 Comparison between planer and ridge waveguide structures.  The front view 
of (a) planer waveguide and (b) ridge waveguide. The side view of (c) planar waveguide 
and (d) ridge waveguide. 
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3.2 The Concerns of ZnMgTe/ZnTe Electro-Optical Waveguide with Good 
Optical Confinement 
 
In previous section, the requirement for waveguide to have good optical 
confinement has shown.  First, the refractive index of the cladding layers must be 
lower than the core layer to achieve total internal reflection to suppress the light 
expansion, and large refractive index difference between core and cladding layers 
results in large critical angles which increase the possibility of that can be total internal 
reflected. 
For ZnMgTe/ZnTe EO waveguide, ZnMgTe is chosen as the cladding layer 
material of ZnTe waveguide due to its lower refractive index.  The refractive index of 
ZnTe and the Zn1-xMgxTe are 2.85 and 2.17-2.85 depending on the Mg %, respectively. 
Therefore, the large refractive index difference between ZnTe core and ZnMgTe 
cladding layers is achieved by adding the Mg composition (Mg %) into ZnMgTe. 
On the other hand, Equation 3.1.15 indicates that when light strike to the medium 
with lower refractive index at the condition of total internal reflection, an evanescent 
wave would transmit into the medium.  Therefore, if the cladding layer is too thin, 
large light energy leakage associated with evanescent wave take place.  dp1/e (Eq. 
3.1.16) is therefore utilized to predict the required cladding layer thickness for good 
optical confinement.  Since dp1/e is the distance that the intensity of evanescent wave 
decays to 1/e, the cladding layer thickness must be at least greater than this value to 
avoid the large light loss associate with evanescent wave at the boundaries of core and 
cladding layers. 
With the assumption of using in optical communication system, the light 
wavelength was selected to be 1.55µm, and the reflection angles in the waveguide were 
estimated to be greater than 85º.  The theoretical value of dp1/e was calculated and 
plotted in Fig. 3.2.1 as a function of Mg %.  According to Fig. 3.2.1, dp1/e is smaller the 
for high Mg % ZnMgTe cladding layer and becomes much larger for low Mg % 
ZnMgTe cladding layer.  Since the Mg % and the cladding layer thickness are the 
crucial factors for ZnMgTe/ZnTe waveguide to have good optical confinement, this 
figure is very useful for ZnMgTe/ZnTe waveguide structure design. 
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Fig. 3.2.1 1/e penetration depth at ZnTe and Zn1-xMgxTe interface as a function of Mg 
composition with reflection angles 85°, 87°and 89°. 
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3.3 The Concerns of ZnMgTe/ZnTe Electro-Optical Waveguide with High 
Crystal Quality 
 
In previous section, the theoretical calculation of required cladding layer thickness 
and Mg % for good confinement is achieved by using the value of dp1/e. Therefore, 
ZnMgTe cladding layer with thick thickness and high Mg % is suggested.  However, 
the adding Mg % of cladding layer would also enlarge the lattice mismatch between 
core and cladding layers.  As shown in Table 3.3.1, the lattice mismatch between 
zincblende ZnTe and MgTe is 4.1%. 
 
Table 3.3.1 Refractive index, lattice constant and lattice mismatch of ZnTe, ZnMgTe 
and MgTe 
 MgTe ZnMgTe ZnTe 
Refractive index 2.17 2.17 - 2.85 2.85 
Lattice constant 6.35 Å 6.35 Å - 6.10 Å 6.10 Å 
Lattice mismatch to ZnTe 4.1% 4.1% - 0% 0% 
 
As mentioned in section 3.1, the lattice mismatch in heterostructure would cause 
the misfit and threading dislocations that degrade crystal quality of the films.  In the 
thin film waveguide for EO device, the crystal quality dropping might negatively 
influence the EO coefficient of and cause the large scattering loss during the light 
propagation.  Thud, the waveguide structures with high crystal quality is another key 
issue for high performance EO device. 
In previous study, the calculated CLT (CCLT) for ZnMgTe/ZnTe waveguide 
structures were obtained with reference to Matthews and Blakeslee equation (Eq. 3.3.11) 
[68].  
 
CCLT =
𝑏(1−𝑣𝑐𝑜𝑠2𝛼)
8𝜋𝑓(1+𝑣)𝑐𝑜𝑠𝜆
{ln [
ℎ𝑐
𝑏
] + 1}                (3.3.11) 
 
where f is lattice mismatch between ZnTe and ZnMgTe.  v is Poisson's ratio (ZnTe : 
0.36).  λ is the angle between the slip direction and the direction in the film plane 
which is vertical to the line of intersection of the interface and the slip plane (cosλ= 1/2). 
b is size of Burgers vector. α is the angle between its Burger’s vector and the misfit 
dislocations (cosλ= 1/2). 
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The CCLT of ZnMgTe/ZnTe waveguide heterostructures is illustrated in Figure 
3.3.1 as a function of Mg % of ZnMgTe.  The total cladding layer thickness refers to 
sum of two cladding layers thickness. 
 
 
 
Figure 3.3.1 the CCLT and CCLT×20 as function of Mg composition in 
ZnMgTe/ZnTe waveguide heterostructures. 
 
The fabricated ZnMgTe/ZnTe waveguides were characterized using x-ray 
diffraction (XRD) reciprocal space mapping (RSM) and transmission electron 
microscopy (TEM).  It has been confirmed that low dislocation (defect density less 
than 6×10
6 
/cm
2
) ZnMgTe/ZnTe waveguide structures could be grown at the condition 
that the ZnMgTe total cladding layer thickness was within CCLT×20, and the in-plane 
lattice mismatch was under 0.2% [69]. 
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3.4 The Fabrication of Ridge ZnMgTe/ZnTe Electro-Optical Waveguide 
 
    Since the planner ZnMgTe/ZnTe layered waveguide is not able to suppress the 
horizontal expansion of light, ridge structure ZnMgTe/ZnTe EO waveguide is proposed 
to further decrease the possible insertion loss between the devices.  Thus, the post 
etching is demanded to fabricate the ridge structure. 
The two main posted etching methods for fabricating ridge structure are dry 
etching and wet etching.  In dry etching, plasma or etchant gasses are used to remove 
the material on the specimen surface. The reaction can be done by utilizing high kinetic 
energy of particle beams. The dry etching is more widely used for small features and 
micro fabrication.  However, it requires high cost equipment involves a vacuum 
chamber, and it is not suitable for delicate materials. 
    Wet etching is a material removal process that uses liquid etchants to remove 
materials from a specimen.  The etching patterns are defined by masks on it. The 
masks are deposited and patterned on the wafers in a prior etching step, and materials 
that are not protected by the masks are etched away by etchants.  The advantages of 
the wet etching are low cost and suitability for large area device.  However, the wet 
etching is not easy to control the shapes of edge area, and might have problem of the 
etching residue. The etchants should be selected according to the etching material, Table 
3.4.1 show the main etchants for different materials.  ZnTe is much suitable for wet 
etching method because it is a delicate material, and it is easy to be damaged under high 
kinetic energy of particle beams dry etching. 
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Table 3.4.1 Etchants for mesa etching on different materials 
Material Etchants 
GaAs 
HCl : H2O2 : H2O 
HF: HNO3: H2O 
H2SO4 : H2O2 : H2O 
GaP 
HNO3 : HCl : Br 
H2SO4 : H2O2 : HF 
Si 
HF 
HNO3 : CH3COOH : HF 
InAs 
HCl 
HNO3 : CHCOOH : HF : Br2 
ZnTe Br : CH3OH 
CdTe HNO3 : HF 
HgSe HNO3: CH3COOH : HCl : H2SO4 
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3.5 Summary of Chapter 3 
 
For a high performance ZnMgTe/ZnTe EO waveguide requires having good 
optical confinement and high crystal quality and propagating light without expansion.  
To realize such devices, we proposed the single-step index and multi-step index 
ZnMgTe/ZnTe waveguide structures base on theoretical examination and related studies.  
In the following chapter 4 and 5, devices with these structures were fabricated and 
examined.  Furthermore, in chapter 6, the post etching process to form the ridge 
structure ZnMgTe/ZnTe waveguide using the wet mesa etching was studied. 
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Chapter 4. High Performance Single-Step Index ZnMgTe/ZnTe 
Waveguide Structure 
 
In this chapter, we focus on characteristics of single-step index ZnMgTe/ZnTe 
waveguide structures with different thicknesses of layers and Mg %.  Various 
structures of single-step index ZnMgTe/ZnTe waveguide were designed based on the 
theoretical calculations given in previous chapter.  Performance of fabricated 
waveguides was then studied.  By comparing the characteristics of each waveguide 
structure, we then provide a reasonable guideline for high performance single-step 
ZnMgTe/ZnTe EO waveguide based on CCLT and dp1/e. 
 
4.1 Theoretical calculations and designs of single-step index ZnMgTe/ZnTe 
waveguides 
 
From the previous chapter, we know that the Mg % and the cladding layer 
thickness are critical factors to fabricate high performance ZnMgTe/ZnTe waveguide.  
The structure with cladding layer having large thickness and high Mg % could have 
better optical confinement.  On the other hand, to fabricate a low dislocation 
waveguide structure, the total cladding layer thickness must be within CCLT×20 [21].  
Bases on the theoretical calculation, it is a difficult task to fabricate a waveguide 
structure with both good optical confinement and high crystal quality, because they are 
relationship of trade-off (Fig. 4.1.1).  Therefore, optimizing the Mg % and thickness of 
the cladding layer is necessary. 
To approach the reasonable guideline for high performance ZnMgTe/ZnTe 
waveguide fabrication, the cladding layer thickness and the Mg % design with the 
primary concern of crystal quality and cladding layer thickness and the Mg % design 
with the primary concern of optical confinement are considered.  Moreover, under the 
consideration of the input light expansion, the Mg % of the cladding layer must to be 
larger than 10% to achieve large critical angle for total internal reflection. 
For design with the primary concern of crystal quality, the Mg % was designed to 
be 20% to avoid serious oxidation and preserve the crystal quality.  The thickness was 
about 0.15 µm (CCLT×20) to maintain the low dislocation.  This structure was 
expected to have leak of light energy associated with the evanescent wave because this 
thickness was only about dp1/e×0.38 (Fig. 4.1.2). 
For design with the primary concern of optical confinement, two kinds of 
waveguide structures were considered.  The first structure fixed the Mg % at 20% and 
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increased the cladding layer thickness to about dp1/e×1.5 (0.6 µm).  The other structure 
contended an increased Mg % of 40% and cladding layer thickness was about dp1/e×2 
(0.5 µm). The waveguide structures might contend high defect density (over 5×10
8 
/cm
2
) 
and drop the crystal quality, since those cladding layer thicknesses corresponded to 
CCLT×100 and CCLT×200. 
The core layer thickness of the waveguide device was designed to be 8 µm in order to 
receive most of the light from the lensed fiber (light spot diameter about 5 µm) in our 
measurement system [70]. 
 
 
 
Fig. 4.1.1 Relationship between ZnMgTe/ZnTe waveguide structures with have good 
optical confinement and low dislocation. 
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Fig 4.1.2 (a) Calculated critical layer thickness of ZnMgTe layer on ZnTe as a function 
of Mg composition and classified waveguide structure design. (b) 1/e penetration depth 
at ZnTe and ZnMgTe interface as a function of Mg composition with 85° reflection 
angles and classified waveguide structure design.  
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4.2 The growth of single-step index ZnMgTe/ZnTe waveguides 
 
The schematic of fabricated waveguide structure is shown in Fig. 4.2.1. The 
waveguide layered structures were grown on using MBE system (VG V80H) [71], [72]. 
The P-doped conductive ZnTe substrates with (001) orientation were used. Before 
introducing into the growth chamber, the ZnTe substrates had been completed the 
Bromine methanol chemical treatment.  Before introducing into the growth chamber, 
the ZnTe substrates had been completed the Bromine methanol chemical treatment.  
The source materials are elemental Zn (6N Super), Te (6N Super), and Mg (6N) [73].  
A 0.5 µm ZnTe buffer layer was first grown, followed by a Zn1-xMgxTe cladding layer, a 
ZnTe core layer and a Zn1-xMgxTe cladding layer to form the waveguide structure.  A 
capping layer (about 0.1µm) was grown on top of the waveguide structures to prevent 
the oxidization of Zn1-xMgxTe. The growth temperature kept about 360°C during the 
growing process, and the grown rate was 0.5 µm/h.  After the growth, 0.25-mm-wide 
gold stripes were evaporated on top of the waveguide structure to form the electrode.  
The cleaved edges were obtained without any dielectric coating, and the device cavity 
was about 1.5 mm long. 
 
 
Fig. 4.2.1 Schematic of fabricated waveguide structure. 
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4.3 The characteristics of single-step index ZnMgTe/ZnTe waveguides 
 
(1) Characterization methods 
 
The cross-sectional scanning electron microscope (SEM; JSM-7001F) was used to 
monitor the layer thicknesses.  The crystal quality of the waveguide structures was 
evaluated by in-plane lattice mismatch between the core and cladding layers and the 
defect density in the waveguide structure.  The in-plane lattice mismatch was 
characterized by the X-ray RSM of (224) diffraction using the Rigaku SmartLab system 
[74].  The defect density was measured by cross-sectional TEM system (JEOL 
JEM-1010) observation. 
The optical properties of the waveguides were characterized by inputting a laser 
beam into waveguide structure through the cleaved edge and measured the output 
propagation light intensity.  The schematic of homemade optical measure system 
shows as Fig. 4.3.1. 
 
Fig. 4.3.1. Schematic of optical measure system. 
     
1.55 µm continuous wave laser beam (−7 dBm) was used and coupled into the 
core layer of waveguide structure by using a lensed fiber (about −10 dBm).  The 
condenser lens was placed at the edge of the other end to collect the propagated light, 
and the light was then guide to the light intensity detector (measurement range −50 to 
+30 dBm) to measure the measure propagated light intensity (Ip). 
The EO characteristic of the devices was evaluated by observing the phase shift (Г) 
generated by the device with a certain bias voltage.  For voltage bias applied at crystal 
axis of (001) ZnTe and propagation light along the (110) direction, the input light should 
be 45° linearly polarized to the crystal axis of (001) ZnTe to generate a largest phase 
shift to the transparent light (Eq. 2.3.31).  The polarization state of the output light was 
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verified according to the phase shift that was generated by the EO device.  A polarizer 
that axis vertical to initial light polarization direction was set at the end of the device in 
order to detect the phase shift through the light intensity change. 
The EO characteristic was evaluated using EO measurement set-up shown in Fig 
4.3.2.  A 1.55 µm 45° linearly polarized laser beam was used as the input signal, and 
was guided into the waveguide structure using a lensed fiber.  The light propagated 
though the waveguide structure (Ip) was then gathered by a condenser lens, and passed 
through a QWP where a 90° (π/2) of phase shift was added.  Since the polarizer was 
fixed to the optical fiber, a half-wave plate (HWP) was inserted to rotate the light 
polarization angle to match the polarizer. The intensity of light passes through polarizer 
was then guided into the photo-diode (PD; Thorlabs DET01CFC, Noise equivalent 
power: 4.5×10-15 W/Hz1/2).  The photodetector (InGaAs PIN; peak wavelength 
1.55µm) with an amplifier (purpose of achieving high gain) in the PD generated 
photocurrent (convert the photon to electron (current); Peak response: 0.95 A/W) which 
linear response to incident light.  The generated photocurrent was then converted to 
voltage (output voltage 0 to 10 V) by attached load resistance (1MΩ) in an oscilloscope, 
and signal modulation was monitored on oscilloscope as the voltage signal (Vsignal). 
Based on the Eq. (2.2.11), Vsignal can be express as: 
 
𝑉𝑠𝑖𝑔𝑛𝑎𝑙 = 𝑉𝑝𝑠𝑖𝑛
2 (
𝛤+
𝜋
2
2
)                (4.3.1) 
 
where Vp was the voltage associated with propagation light intensity (Ip) which the light 
polarization matches to polarizer polarization (light entirely pass) without the voltage 
bias.  
The EO modulation was performed by applying 3.3 ms 10V pulse voltage between 
the top gold electrode and the bottom of the substrate. The relationship between output 
voltage difference (Vs) and the measured phase shift (Гe) was described as follow 
 
     𝑉𝑠 ≡ 𝑉𝑠𝑖𝑔𝑛𝑎𝑙(bias: 10V) − 𝑉𝑠𝑖𝑔𝑛𝑎𝑙(bias: 0V)                
= 𝑉𝑝sin
2 (
Γ+
π
2
2
) − 𝑉𝑝sin
2 (
0+
π
2
2
)                        
= 𝑉𝑝sin
2 (
Гe+
π
2
2
) −
1
2
𝑉𝑝                        (4.3.2) 
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Fig. 4.3.2 Schematic of electro-optical measurement set-up. 
 
 
 
Fig. 4.3.3 (a) The fabricated the waveguide device with 0.25-mm-wide gold stripes.  
(b) The light was inputted into waveguide sample by lensed fiber and gathered by the 
condenser lens. 
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(2) Characteristics of single-step index waveguide with different Mg compositions 
and cladding layer thicknesses 
 
Figure 4.3.4 shows RSMs of Zn0.8Mg0.2Te (0.15 µm)/ZnTe (8 µm)/Zn0.8Mg0.2Te 
(0.15 µm) [waveguide (Mg 20%; 0.15 µm)], Zn0.8Mg0.2Te (0.6 µm)/ZnTe (8 
µm)/Zn0.8Mg0.2Te (0.6 µm) [waveguide (Mg 20%; 0.6 µm)] and Zn0.6Mg0.4Te (0.5 
µm)/ZnTe (8µm)/Zn0.6Mg0.4Te (0.5 µm) [waveguide (Mg 40%; 0.5 µm)] waveguide 
structures.  It also indicates that the in-plane lattice mismatch between the 
Zn0.8Mg0.2Te (0.15 µm) and core layers was 0.14%, while that between the Zn0.8Mg0.2Te 
(0.6 µm) and core layers was 0.73% and that between the Zn0.6Mg0.4Te (0.5 µm) and 
core layers was 1.34%.  The lattice mismatches of waveguide structures with the 
primary concern of optical confinement were about four- or sevenfold higher than the 
waveguide structure with primary concern of crystal quality.  Both device shows the 
structures had defect densities of over 5×10
9
 /cm
2 
that were monitored by 
cross-sectional TEM observation. (The defect density in this study was defined as the 
threading dislocation density around 200 nm above the interface. Fig. 4.3.5) 
Table 4.3.1 shows the propagated intensity, in-plane lattice mismatches, and defect 
densities of the prepared waveguide structures (The waveguide structure devices had 
identical cavity lengths of about 1.5 mm).  Even with the lower dislocation density, the 
propagation intensity of the waveguide (Mg 20%; 0.15 µm) is −7dB and −4dB 
weaker than the waveguide (Mg 20%; 0.6 µm) and waveguide (Mg 40%; 0.5 µm), 
respectively.  It is probably because the cladding layer thickness (Mg 20%; 0.15 µm) 
of waveguide is not large enough to suppress the light propagation loss associated with 
the evanescent wave. 
By comparing the two structures with the primary concern of optical confinement, 
the waveguide (Mg 40%; 0.5 µm) did not further decrease the propagation loss by 
increasing the refractive index difference, but degrade the propagated intensity owing to 
the crystal quality deterioration caused by the large in-plane lattice mismatch around 
1.34%. 
Based on the results, the waveguide (Mg 20%; 0.6 µm) had shown to have better 
optical confinement than other structures.  Thus, propagated light intensities for this 
waveguide (Mg 20%; 0.6 µm) with different cavity length were investigated to evaluate 
the propagation loss in waveguide.  A plot of the propagated light intensities versus 
cavity length for versus cavity length waveguide having L = 1 to 11 mm is shown on 
Fig. 4.3.6.  The propagation light intensities for waveguide with 1 mm and 11 mm 
cavity length were about −30.2 dBm and −39.9 dBm, respectively. The straight line 
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represents the regression line of the data (Eq. 4.3.3). 
 
𝐼𝑝 = −29.8 − 0.9L                      (4.3.3) 
 
where Ip is propagation light intensities and L is the cavity length.  −0.9 is propagation 
intensity deceased per unit length (dBm/mm) and −29.8 (dBm) is an essential 
propagation light intensity of the waveguide. 
EO characteristic of the waveguide (1.5 mm cavity length) was then measured.  
The detected signal intensity variation was shown in Fig. 4.3.7 (a).  The output voltage 
difference (Vs) between 10 V and 0 V applied was 248 mV.  Since the Vp was about 3.6 
V, the Vs was about 6.9% of Vp.  The measured phase shift (Гe) was then calculated 
using Eq. 2.3.31.  Fig. 4.3.7 (b) shows the relationship between the Vsignal/Vp (a.u.) and 
the obtained phase shift (Гe).  Since the measured Vs/Vp was about 6.9%, the phase 
shift (Гe) generated by the waveguide was about 8˚.  The EO coefficient r41 of the 
ZnTe core layer was calculated from this experimental data to be about 4 pm/V. The EO 
characteristics of the waveguide structures are summarized in Table 4.3.2 The EO 
coefficient of the three waveguide structures show a similar value. Because the 
dislocation density did not affect the orientation and domain structure of the ZnTe film, 
the EO coefficient of each structure was not significantly affected. Since the waveguide 
(Mg 20%; 0.6 µm) had the strongest propagated light intensity, it showed the strongest 
signal intensity modulation. 
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Fig. 4.3.4 Reciprocal space mapping of (224) for Zn1-xMgxTe/ZnTe layer structure (a) 
waveguide (Mg 20%; 0.15 µm), (b) waveguide (Mg 20%; 0.6 µm) and (c) waveguide 
(Mg 40%; 0.5 µm) structure. 
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Fig. 4.3.5 Cross-sectional TEM observation for (a) waveguide (Mg 20%; 0.6 µm) and (b) 
waveguide (Mg 40%; 0.5 µm) structure 
 
Table 4.3.1   In-plane lattice mismatches and propagation losses of the fabricated 
waveguides. 
Cladding layer Mg% 
and thickness 
∆n In-plane lattice 
mismatch 
Defect 
density 
Propagation 
intensity 
Zn0.8Mg0.2Te (0.15 µm) 
Zn0.8Mg0.2Te (0.6 µm) 
Zn0.6Mg0.4Te (0.5 µm) 
0.10 0.14% 6×10
6 
/cm
2
 −40 dBm 
0.10 0.73% 4×10
9 
/cm
2
 −33 dBm 
0.22 1.34% 1×10
10 
/cm
2
 −36 dBm 
 
 
Fig. 4.3.6 Propagated light intensities versus cavity length for waveguide (Mg 20%; 0.6 
µm). 
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Fig. 4.3.7 Output voltage difference of the waveguide (Mg 20%; 0.6 µm). (a) The light 
modulation (Vs) of 248mV was observed. (b) Vsignal/Vp was obtained as a function of the 
phase shift. 
 
 
 
Table 4.3.2   The electro-optical characteristic of fabricated waveguides. 
Cladding layer Mg% 
and thickness 
CCLT dp1/e Propagation 
intensity 
r41 Vs 
Zn0.8Mg0.2Te (0.15 µm) 
Zn0.8Mg0.2Te (0.6 µm) 
Zn0.6Mg0.4Te (0.5 µm) 
×20 ×0.38 −40 dBm 4 pm/V 54mV 
×100 ×1.5 −33 dBm 4 pm/V 248mV 
×200 ×2 −36 dBm 4 pm/V 110mV 
 
 
 
(3) Characteristics of single-step index waveguide with different core layer 
thickness 
 
    Form the previous experimental results, we have drawn the conclusion that the 
waveguide structure with Zn0.8Mg0.2Te (0.6 µm) cladding layers had the best 
performance compare to other design of the structure.  Further improvement of the 
device is required to optimize the core layer thickness of the device. 
    A waveguide structure with 4 µm ZnTe core layer and Zn0.8Mg0.2Te (0.6 µm) 
cladding layers was then prepared since the thinner core layer structure was expected to 
56 
 
have stronger phase shift at the same applied voltage bias. 
    This structure was then confirmed to exhibit the propagation light intensity of 
about −41 dBm for cavity length around 1.5 mm.  This structure shows much weaker 
propagation light intensity because the increment of the coupling loss form lensed fiber 
to the core layer of the structure.  Since the 4 µm of the ZnTe core layer is smaller than 
the spot diameter of the lensed fiber, the light is hardly input the waveguide which 
resulting in the extremely higher coupling loss (about −7dB) compared to the structure 
with 8 µm ZnTe core layer. 
    Fig. 4.3.7 shows the output voltage difference of the waveguide with 4 µm ZnTe 
core layer and Zn0.8Mg0.2Te (0.6 µm) cladding layers.  It shows the Vs were 66mV and 
corresponding phase shift was about 14°.  Compare to the waveguide with 8 µm ZnTe 
core layer and Zn0.8Mg0.2Te (0.6 µm) cladding layers (phase shift about 8˚), the phase 
shift generated by the structure was significantly enlarged due to the smaller thickness 
of core layer (4 µm).  However, because of the weak propagation intensity, the signal 
intensity modulation is still weak. 
    In summary, the device with smaller thickness core layer about 4 µm greatly help 
the increase about the 6˚ of phase shift generated in the device when 10 V applied 
compared to the device with 8-µm-thick core layer.  However, in our measurement 
system, the 4 µm core layer was too thin which caused large insertion loss from lensed 
fiber to waveguide.  This large light intensity loss led to the weak signal intensity 
modulation. 
 
 
 
Fig. 4.3.7 Output voltage difference of the waveguide with 4 µm of ZnTe core layer and 
Zn0.8Mg0.2Te (0.6 µm) cladding layers 
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(4) Characteristics of ZnTe bulk device 
 
    With the aim to compare the characteristics of ZnMgTe/ZnTe waveguide, 
characteristics of ZnTe bulk device was studied.  The ZnTe bulk device was prepared 
using an un-doped ZnTe substrate that was mechanically ground and polished to a 
thickness of 40 µm.  The uncoated cleaved edges were obtained.  Before the EO 
measurement, 0.25 mm-wide gold strips were vacuum evaporated on the top ZnTe to 
form the device electrode.  The cavity length for EO measurement was about 1.5 mm. 
The devices were then fixed at the sample stage using silver paste. 
    A plot of the Ip versus L for a 40-µm-thick bulk device with L = 0.8 to 2 mm is 
depicted in Fig. 4.3.8.  The straight line represents the regression line of the data: 
 
𝐼𝑝 = −36.3 − 6.3𝐿                          (4.3.4) 
 
The essential propagation light intensity of the bulk device was about −36.3 dBm, and 
decrease of propagation intensity per unit length was about −6.3 (dBm/mm).  The bulk 
device exhibited larger propagation loss, even if the transmission layer of the bulk 
device was much thicker than the core layer of the waveguide structures, and the light 
from the lensed fiber can almost fully coupling into it. This is mostly because of the 
light expansion, and light absorption by the electrodes in the bulk device.   
The EO properties of the bulk device were shown in Fig 4.3.9.  Vs was about 2.4 
mV when a voltage of 10 V applied.  The phase shift from the bulk device was then 
obtained which was only about 1°.  Compare to the waveguide structures, the 
measured phase shift from the 40 µm bulk device was much smaller.  It is probably 
owing the thickness of the transmission layer (4 to 8 µm) was only about 10% to 20% 
that of the 40 µm bulk device.  Thus, the external electric field in the waveguide 
device was five to ten times stronger than that in the bulk device.  Another reason 
might because the light expanding in the crystal while passing through and the lensed 
fiber after the bulk device collect the light without a phase shift. 
These results indicated that a ZnMgTe/ZnTe waveguide structures could have 
superior characteristics that can generate larger phase shift and propagate stronger light 
intensity.  Since waveguide structure helped the light to propagate much efficiently, the 
thinner transmission layer can be realized.  Combine with these two superior 
properties, the ZnMgTe/ZnTe waveguide (Core thickness: 8 µm; cladding layer 
thickness 0.6 µm with Mg 20%) device provided an output signal modulation of 248 
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mV which is 100 times stronger than that of the bulk devices (2.4 mV). 
 
 
Fig. 4.3.8 Propagation light intensities versus cavity length for the 40-μm-thick ZnTe 
bulk device. 
 
 
Fig. 4.3.9 Output voltage difference of the bulk device. (a) Signal modulation (Vs) of 2.4 
mV was observed. (b) Vsignal/Vp as a function of phase shift. 
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4.4 The guideline for high performance single-step index ZnMgTe/ZnTe 
waveguides 
 
    In previous section, the waveguide (Mg 20%; 0.6 µm) had shown a superior device 
performance with the lowest propagation loss and strongest modulation single than 
other waveguide structure.  We can then draw a conclusion that a lower propagation 
loss waveguide can be achieved when the cladding layer thickness was around dp1/e×1.5 
even this cladding layer thickness was corresponding about CCLT×100 and the 
observed large in-plane lattice mismatch was about 0.8%.  It is probably because the 
improvement of the optical confinement by a thicker cladding layer overrode the effect 
of defects in the waveguide structure.  However, the device with a dp1/e×2 cladding 
layer (CCLT×200) did not further decrease the propagation loss, but degrade the 
performance owing to the crystal quality deterioration according to the higher defect 
density. 
EO coefficient of each structure exhibited a similar coefficient (4 pm/V), it 
indicated that the defect density did not affect orientation and domain structure of the 
ZnTe core layer.  Based on these data and theoretical calculations of dp1/e and CCLT, 
cladding layers that satisfied a larger dp1/e×1.5 and a smaller CCLT×100 at the same 
time become a suitable condition for high-performance single-step ZnMgTe/ZnTe 
waveguide fabrication. 
The optimization of thickness of the core layer was also conducted.  For the 
waveguide structure had different core layer thickness (4 µm and 8 µm) with identical 
cladding layer (20%, 0.6 µm) was studied.  The structure with 4 µm core layer 
thickness generated phase shift about 14° which is larger than the structure with 8 µm 
core layer (8°).  However, 4 µm of core layer was not favorable to couple the light into 
core layer using lensed fiber with 5 µm spot diameter, the large increment coupling loss 
was occurred which resulted in the weaker modulation signal compare to structure with 
larger core layer.  Therefore, we can draw a conclusion that although thinner core layer 
structure could help to increase the phase shift generated by the device that improved 
the EO sensitivity, the core layer must to be thick enough to avoid the light loss form the 
fiber to the waveguide device. 
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4.5 Summary of Chapter 4 
 
To realize a high performance single-step index ZnMgTe/ZnTe waveguide for EO 
device, the thickness of each layer and Mg % of cladding layer were optimized.  The 
experimental data suggested that the Mg % and thickness of ZnMgTe cladding layers 
should be larger than dp1/e×1.5 and smaller than CCLT×100, respectively.  If the 
applied voltage was fixed, the thinner the core layer thickness, the larger the phase shift.  
Taking account of the surrounding devices such as the performance of a lensed optical 
fiber, there is the lower limit of the thickness of the core layer. 
To further improve the device performance, a possible solution for the reducing 
high dislocation densities is to create a series of low mismatched interfaces [75] - [77].  
Therefore, the introduction of low Mg % interlayers between the ZnMgTe cladding and 
ZnTe core layers will be proposed in next chapter.   
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Chapter 5. Crystal Quality Improvement and the Characteristics of 
Multi-Step Index ZnMgTe/ZnTe Waveguide Structure 
 
The aim of this chapter is fabricating and characterizing the multi-step index 
ZnMgTe/ZnTe waveguides that designed to reduce the defect density.  Concretely 
speaking, two kinds typical multi-step index ZnMgTe/ZnTe waveguides were studied. 
 
5.1 The low Mg composition interlayers in the ZnMgTe/ZnTe waveguides 
 
To improve the crystal quality by circumventing the large in-plane lattice 
mismatch between the cladding and core layer, the low Mg % interlayers was 
introduced to the ZnMgTe/ZnTe waveguide structures as possible solution to decrease 
the defect density (Fig 5.1.1).  Since the low Mg % interlayers could also reflect the 
light because of the lower refractive index, a set of low Mg% interlayer and the high 
Mg% cladding layer became a two-step index cladding layer for the waveguide 
structure [78]. 
 
 
Fig. 5.1.1 Concept of introduction of the low Mg % interlayers to form a two-step index 
waveguide structure. 
 
In order to fabricate a low propagation loss two-step index waveguide structures 
with high crystal properties, two kinds of structures were considered.  Both of them are 
based on the knowledge from the previous chapter that the guideline of 
high-performance single-step ZnMgTe/ZnTe waveguide fabrication is the cladding layer 
thickness that satisfied >  dp1/e×1.5 and < CCLT×100 at the same time.  
62 
 
Since the high-performance single-step waveguide required the cladding layer 
about 0.6 µm with the Mg 20%. The low Mg % interlayer was designed to content 10% 
of Mg, to decrease the effect of the lattice mismatch between cladding and core layers. 
One structure was designed to have the cladding layer of half of dp1/e×1.5 (dp1/e×0.75, 
0.3 µm, Mg 20%) and the rest was replaced by Mg 10% 0.45-µm-thick interlayer 
(dp1/e×0.75, Design 1). The other structure was designed to insert an extra 0.1 µm low 
Mg% interlayer, and cladding layer thickness and Mg % was keep about 0.6 µm and Mg 
20%, respectively (Design 2). The core layer thicknesses of both waveguide structures 
were about 7 µm. 
 
 
Fig. 5.1.2 Designs of two-step index waveguide structures based on the 
high-performance single-step waveguide structure. 
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5.2 The growth of multi-step index ZnMgTe/ZnTe waveguides 
 
The schematic of fabricated waveguide structure is shown in Fig. 5.2.1.  The 
growth process is the same as the single-step waveguide structure.  The waveguide 
layered structures were grown on conductive P-doped ZnTe substrates with (001) 
orientation using MBE.   After the 0.5 µm ZnTe buffer layer was grown, the high Mg 
% ZnMgTe cladding layer, a low Mg % ZnMgTe interlayer, a ZnTe core layer, a low 
Mg % ZnMgTe interlayer and a high Mg % ZnMgTe cladding layer were grown in 
ordered to form the two-step waveguide structure.  Top capping layer (about 0.1µm) 
was also grown to prevent the oxidization of ZnMgTe.  The growth temperature was 
keeping about 360
o
C during the growing process, and the grown rate was 0.5 µm/h. 
 
 
Fig. 5.2.1 Schematic of fabricated two-step index waveguide structures. (a) Design 1 
and (b) Design 2 
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5.3 Crystal quality improvement of multi-step index ZnMgTe/ZnTe 
waveguides 
 
Figure 5.3.1 (a) and (b) shows the RSM of design 1 and design 2 two-step index 
waveguides, respectively. The three peaks in the Fig, 5.3.1 (a) represented the ZnTe core 
layer, the Mg 12% ZnMgTe interlayer and the Mg 24% cladding ZnMgTe layer.  The 
in-plane lattice mismatch between Mg 24% layer and 12% layer was 0.27% while the 
in-plane lattice mismatch between Mg 12% layer and core layer was 0.44%.  
Meanwhile, the three peaks in the Fig, 5.3.1 (b) represented the ZnTe core layer, the Mg 
9% ZnMgTe interlayer and the Mg 26% cladding ZnMgTe layer.  The in-plane lattice 
mismatch between Mg 26% layer and 9% layer was 0.89% while the in-plane lattice 
mismatch between Mg 9% layer and core layer was 0.18%. The in-plane lattice 
mismatches between the low Mg % interlayer and core layer of both design 1 and 
design 2 were smaller than the that between cladding and core layers of the single-step 
index waveguide (Mg 20%, 0.6 µm). 
Figure 5.3.2 shows the cross-sectional TEM images of two kinds of two-step index 
waveguides.  It is obvious that the defect densities in the core layer of two-step index 
waveguides are much lower that the single-step index waveguide (Mg 20%, 0.6 µm) in 
Fig 4.3.4.  The data including the lattice mismatch between the layers, dislocation 
density is summarized at Table 5.3.1.  Both designs show less defect densities no 
matter the thickness of low Mg % interlayer.  The design 1 and design 2 had the 
dislocation density about 2×10
9 
/cm
2 
and 2×10
8 
/cm
2
, respectively.  Both design 
showed a significant reduction of the dislocation density.  It indicate the low Mg% 
layer insertion was successfully circumvented the large in-plane lattice mismatch 
between the cladding and core layer, and further decrease the generation of the defects.  
It was evident that the insertion of low Mg % interlayer was a very efficiency way to 
prevent the crystal quality degradation of the device due to the large lattice mismatch 
and the thick thickness. 
 In addition, when we compare two-step index waveguides of two kinds of design, 
it is noticeably that threading dislocation much lower in design 2 with 0.1um low Mg 
interlayer.  The dislocation density of design 2 was about 1/10 of design 1.  This fact 
indicated that the thin low Mg interlayer around 0.1µm was more efficient to decrease 
the dislocation density.  Hence, for future low loss waveguide device, using multi-thin 
low Mg layer structure to form graded-index waveguide is a promising method to 
realize higher crystal quality. 
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Fig. 5.3.1 RSM of two kinds of two-step index waveguides (a) design 1; (b) design 2. 
 
 
 
Fig. 5.3.2 Cross-sectional TEM images of two kinds of two-step index waveguides. 
(a) design 1. (b) design 2. 
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Table 5.3.1 Summary of lattice mismatch and dislocation densities for single-step index 
and two-step index waveguides 
 Single-step Two-step 
  Design 1 Design 2 
Low Mg layer NA 12%, 0.4 µm 9%, 0.1 µm 
High Mg layer 20%, 0.6 µm 24%, 0.3 µm 24%, 0.6 µm 
Average Mg 20% 17% 23% 
Lattice mismatch core and 
low Mg % interlayer 
NA 0.40% 0.18% 
Lattice mismatch core and 
cladding layers 
0.73% 0.67% 1.07% 
Dislocation density 4×10
9 
/cm
2
 2×10
9 
/cm
2
 2×10
8 
/cm
2
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5.4 Optical and electro-optical property of multi-step index ZnMgTe/ZnTe 
waveguides 
 
The optical and EO property of multi-step index ZnMgTe/ZnTe waveguides were 
evaluate by the optical measurement system and the EO measurement set-up shows at 
Fig 4.3.1 and Fig 4.3.2.  The propagated intensity of design 1 and 2 were −35 dBm 
and −33 dBm, respectively (Table. 5.4.1).  The reason that the propagated intensity of 
design 2 was stronger than design 1 can probably be explained by the difference of 
average Mg % in the ZnMgTe layers (cladding layer and interlayer).  Since half of the 
high Mg cladding layer of design 1 was replaced by low Mg % interlayer, average Mg 
% of ZnMgTe was about 17%.  On the contrary, since the low Mg % interlayer was 
only about 0.1µm in design 2, the Mg % of ZnMgTe was about 23%.  Therefore, the 
optical confinement of design 2 was better than that of design 1, and the propagation 
loss related to the evanescent wave was lower. 
Fig. 5.4.1 illustrates the signal modulation (upper) and applied voltage signal 
(downer) of the waveguides.  The Vs of sample 1 and 2 were about 116 mV and 232 
mV, respectively.  Based on Eq. 4.3.2, Гe were about 7
o
 for design 1 and 8
 o
 for design 
2.  Vs of design 2 was stronger than that of design 1 and it was because the sample 2 
had a stronger Vp.   
These results indicate that the introduction of the low Mg % interlayer and the 
lower average Mg % of ZnMgTe layers might decrease the optical confinement due to 
the decrement of average Mg %.  However, if the carefully design the structure (let the 
ZnMgTe layers to contends enough Mg %), the ZnMgTe/ZnTe waveguide have good 
optical confinement with improved crystal quality can be formed using multi-step index 
ZnMgTe/ZnTe waveguide structure. 
 
Table 5.4.1 The electro-optical characteristic of fabricated 
          two-step index waveguides. 
 Average Mg % of 
ZnMgTe layers 
Propagated 
intensity 
r41 Vs 
Design 1 
Design 2 
17% −35 dBm 4 pm/V 116mV 
23% −33 dBm 4 pm/V 232mV 
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Fig. 5.4.1 Output voltage modulation of EO waveguide devices. 
(a) design 1 (b) design 2. 
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5.5 Summary of Chapter 5 
 
Two-step index ZnTe waveguide with low Mg % interlayer was fabricated in order 
to improve the crystal quality. The low Mg % interlayers in two-step index 
ZnMgTe/ZnTe waveguides successfully reduce the in-plane lattice mismatch between 
heterointerfaces of the layered structure and decreased the defect density.  However, 
the insertion of low Mg % interlayers would also decrease the average Mg % of the 
two-step index layers, and influence the optical confinement of the waveguide.  
Therefore, the average Mg % of two-step index layers should be well considered for the 
high-performance two-step index waveguides design as well as waveguide with 
multi-interlayers.  
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Chapter 6. Wet Mesa Etching Process of ZnMgTe/ZnTe waveguide 
 
    The ridge structure is generally effective to confine light inside the waveguides.  
To further improve the performance, the wet mesa etching process for ZnMgTe/ZnTe 
waveguide was studied.  The characteristics of various etchant were reported.  The 
etchant suitable for ZnMgTe/ZnTe waveguide ridge structure was found. 
 
6.1 Etchant and Rinse 
 
With the aim to realize high performance ZnMgTe/ZnTe waveguide for EO device, 
the possible insertion loss to the devices must be will concerned.  Because the planer 
thin film waveguide do not have the optical confinement at the horizontal direction, the 
ridge structure is suggest to utilized air as the cladding medium to decrease the light 
expansion.  Therefore, the post etching process to form the ridge structure waveguide 
device has caught our attention. 
To prevent the ZnMgTe/ZnTe waveguide form the serious damage during the 
etching process, the wet etching method had been chosen. In the previous study, the 
mesa etch was performed using a sulfuric acid based etchant (H2SO4:H2O2:H2O) at 
room temperature.  However, residues at the ridge surface were observed after the 
etching process (Fig. 6.1.1). These residues at the ridge surface would cause the 
unfavorable scattering loss and absorption to increase the light propagation loss. 
Therefore, other etchant that can form the ridge structure without residue remains is 
required. 
In this study, mixtures of hydrogen fluoride (HF), nitric acid (HNO3) and water 
etchant was investigated.  Etchant (HF: HNO3: H2O) has been widely used on etching 
of GaAs and CdTe substrates [80].  The surfaces after etching process were first 
studied, and were carefully inspected using optical and scanning electron microscopes.  
Electron wax was used as a mask.  After the etching process, the specimen was then 
pouring in water. 
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Fig. 6.1.1 The cross-sectional SEM image of mesa-etched waveguide using sulfuric acid 
based etchant (H2SO4:H2O2:H2O) at room temperature. 
 
     Figure 6.1.2 (a) shows the surface of (001) orientation ZnTe substrate etched by 
HF: HNO3: H2O = 1 : 1 : 1 etchant for 10s at room temperature.  It shows that the 
color of etched area turned to black.  It indicated that the residues were remaining on 
the etched surface.  In order to remove the residues on the etched surface, HCl rinse 
process before pouring in water was proposed [81].  Figure 5.1.2 (b) shows the etched 
surface of ZnTe substrate using the same etchant (HF: HNO3: H2O = 1 : 1 : 1) for 10s at 
room temperature.  It is obvious that the color of etched areas was the same as the 
mask area; it showed that HCl rinse process was an efficient way to remove the residues 
on the surface. 
 
 
Fig. 6.1.2 Surface feature of the ZnTe substrate after etching. (a) without HCl rinse (b) 
with HCl rinse. 
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   To understand the component of residues, the Energy Dispersive X-ray 
spectrometry (EDX) was employed to analyze the elements on the surface.  According 
to the EDX mapping of oxygen (Fig. 6.1.3) of etched surface, the border between the 
etched and mask areas was existed after HF: HNO3: H2O etching.  However, this 
border was disappeared after the HCl rinse process. 
The results of the EDX spectrums of the etched area with and without HCl rinse 
are shown in Fig. 6.1.4 and Fig. 6.1.5, respectively.  The intensity of the oxygen 
(O:kα) was decrease from 1200 to 1000 after the HCl rinse.  Therefore, we consider 
that the residues on the surface were oxides, and it can be removed by HCl rinse 
process. 
 
 
Fig. 6.1.3 EDX mapping (Oxygen) of etched surface on ZnTe substrate (a) without HCl 
rinse and (b) with HCl rinse. 
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Fig. 6.1.4 EDX spectrum of etched area (without HCl rinse) 
 
 
 
 
Fig. 6.1.5 EDX spectrum of etched area (with HCl rinse) 
 
Figure 6.1.6 is the cross-sectional SEM image of ZnTe substrate after etching and 
HCl rinse process.  The ridge area was much smoother compare the ridge area etched 
by sulfuric acid based etchant (H2SO4:H2O2:H2O).  These results indicated that the 
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scattering loss and absorption caused by residues could be avoided by change the 
etchant to HF: HNO3: H2O.  Therefore, HF: HNO3: H2O etchant became is suitable for 
ZnMgTe/ZnTe waveguide ridge structure fabrication. 
 
 
Fig. 6.1.6 The cross-sectional SEM image of ZnTe substrate after etching with HCl 
rinse. 
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6.2 The Characteristic of HF : HNO3 : H2O Etchant 
 
In previous section, HF: HNO3: H2O etchant had a potential to be utilized for 
ZnMgTe/ZnTe waveguide ridge structure fabrication.  ZnTe was etched in HF: HNO3: 
H2O over a wide range of composition, and etching rates were measured at room 
temperature. The etching time of the specimen was 10s, and the specimen was HCl 
rinsed before pouring in water. The etching depth was measured using surface 
roughness tester. 
Fig. 6.2.1 shows the triangular coordinate system that was used to represent the 
composition of the etching system. Each vertex corresponds to 100% of one of the 
constituents. The figure presents the composition of the etchant by volume of the 
constituents.  
 
Fig. 6.2.1 Etching rate µm/min (Data obtained at room temperature). 
 
When the water was keep at 20% and the composition of the HNO3 increased form 
40% to 70%, the etching rate was increased from 135µm/min to 375µm/min. Form this 
triangular coordinate system, we knew that etching rate was increased reflected to 
increase of the composition of the HNO3 when composition of water was identical. 
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6.3 Mesa Etching of ZnMgTe/ZnTe waveguides 
 
In the previous section, the etching rate of various composition of the HF : HNO3 : 
H2O etchant was demonstrated.  The composition of the HF : HNO3 : H2O etchant 
used for mesa etching on ZnMgTe/ZnTe waveguide was 1 : 3 : 2 where the etching rate 
was about 99 µm/min.  The structure of ZnMgTe/ZnTe waveguide was Zn0.8Mg0.2Te 
(0.6 µm)/ZnTe (8 µm)/Zn0.8Mg0.2Te (0.6 µm), the etching was 10s, and the specimen 
was HCl rinsed before pouring in water. 
Fig. 6.3.1 shows the cross-sectional SEM image of ZnMgTe/ZnTe waveguide after 
etching.  The smooth ridge surface was observed at the ridge area of the core layer.  
Fig. 6.3.2 (a) and (b) are the images of transmitted light on the other end of the cleaved 
edge observed by charge-coupled device (CCD) camera.  It can clear see that the 
waveguide with ridge structure suppress the horizontal expansion of light successfully.  
It indicated the mesa etching of ZnMgTe/ZnTe waveguides using HF : HNO3 : H2O is 
capable to fabricate a ZnMgTe/ZnTe waveguides with horizontal optical confinement. 
 
Fig. 6.3.1 Cross-sectional SEM image of ZnMgTe/ZnTe waveguide after etching 
 
Fig. 6.3.2 Image waveguide and transmitted light on the other end of the cleaved edge  
(a) before mesa etching and (b) after mesa etching  
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6.4 Summary of Chapter 6 
 
     In this chapter, the etchant suitable for wet mesa etching process on 
ZnMgTe/ZnTe waveguide was studied.  The ratio of HF, HNO3 and H2O were 
optimized.  It had been proved that HCl rinse after etching with HF : HNO3 : H2O 
etchant is important to achieve smoother surfaces.  By using this etching method, the 
ZnMgTe/ZnTe ridge waveguide structure was successfully realized to suppress the light 
expansion on horizontal direction.  
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Chapter 7. Conclusions 
 
ZnMgTe/ZnTe thin film waveguide was approached to accomplish high 
performance EO device by utilizing high EO coefficient of ZnTe.  The working 
principle of devices utilized linear EO effect was provided.  The linearly EO effect in 
the ZnTe crystal was carefully theoretical derived from the refractive index changed in 
the ZnTe crystal to the phase shift that ZnTe crystal generates to the propagation light in 
certain directions when an electric field applied. 
For a ZnMgTe/ZnTe thin film EO waveguide with high performance, the 
waveguide structure should have good optical confinement and high crystal quality.  
With the aim to obtain the required thickness and Mg % of ZnMgTe cladding layer for 
good optical confinement theoretically, the theoretical calculation was referring to the 
light internal reflection phenomenon and the penetration depth of evanescent wave at 
the interface boundary of ZnTe core and ZnMgTe cladding layers.  On the other hand, 
the crystal quality prediction for ZnMgTe/ZnTe waveguide was referring to the Matthew 
and Blakeslee modal of heterostructure.  Basis on these theoretical calculation results, 
we comprehended that the relationship between optical confinement and crystal quality 
of ZnMgTe/ZnTe thin film EO waveguide was relationship of trade-off, which indicates 
it was a very difficult task to fabricated a waveguide that have good optical confinement 
and high crystal quality at the same time due to the nature of the materials. 
Since the optical confinement and crystal quality of ZnMgTe/ZnTe waveguide was 
relationship of trade-off, we considered ZnMgTe/ZnTe waveguide structures with the 
primary concern of optical confinement and primary concern of crystal quality, 
respectively.  ZnMgTe/ZnTe waveguides were then grown on P-doped ZnTe substrates 
with (001) orientation by MBE based on these calculations.  By characterizing 
waveguide with different thickness and Mg % of cladding layers, the low propagation 
loss waveguide can be achieve when the cladding layer thickness satisfied a larger 
dp1/e×1.5 and a smaller CCLT×100 at the same time.  However, the waveguide 
structure satisfied this condition which the cladding thickness was 0.6 µm and Mg 20% 
was still contend relatively high defects density around 4×10
9
 /cm
2
.  Fortunately, 
compare to the waveguide with lower defect density around 6×10
6 
/cm
2
,
 
the EO 
coefficient (about 4 pm/V) of ZnTe core layer did not significantly affect by this high 
defects density.  It indicated that this condition became a suitable condition for 
high-performance single-step index ZnMgTe/ZnTe waveguide fabrication.  The 
propagation intensity and EO properties of 40-µm-thick ZnTe bulk device were also 
characterized.  The ZnMgTe/ZnTe waveguide had shown a superior optical and EO 
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properties compare to the ZnTe bulk device, which demonstrated the ZnMgTe/ZnTe 
waveguide was a much efficiency structure for EO device. 
On the other hand, the core layer of waveguide should as thin as possible in order 
to generate large phase shift to increase the efficiency of the device.  However, the 
thickness should also consider the structure of surrounding devices, or the connection 
loss between the devices would be too large that overweight the improvement of the 
phase shift.  In our measurement system, the lensed fiber with 5 µm diameter spot was 
used to input the light in the waveguide.  Therefore, the 4-µm-thick core layer was too 
thin that the coupling loss from fiber to core layer was large as −7 dB.  Even if the 
4-µm-thick core layer waveguide structure was able to generate larger phase shift than 
the structure with 8-µm-thick core layer, the large coupling loss was considerably 
decrease the overall efficiency of waveguide for EO device. 
From the results of the fabricated single-step index waveguides, we realized that 
the high-performance single-step waveguide should be primary concerns of optical 
confinement or conspicuous light energy loss would befall.  Unfortunately, the 
high-performance single-step waveguide contend a relatively high defects density in the 
core layer around ZnTe/ZnMgTe interface area due to the large lattice mismatch of 
around 0.73%.  With the aim to improve the crystal quality of the waveguide structure, 
the low Mg % interlayers were introduced.  The structure with the low Mg % 
interlayers was so called two-step index waveguide.  The introduction of low Mg % 
interlayer had successfully suppressed the crystal quality degradation caused by the 
large lattice mismatch between core and high Mg% cladding layer.  By comparing the 
two-step index waveguide structure to the single-step waveguide structure, the defects 
density was decreased from 4×10
9
 /cm
2 
to 2×10
8 
/cm
2 
by a factor of 20.  Basis on 
results of the propagation intensity of different kinds of two-step index waveguide 
structure, the average Mg % of the ZnMgTe layers was the must to be high enough 
(over Mg 20%) to keep the optical confinement of the waveguide.    Since the 
0.l-µm-thick low Mg % interlayer can decrease defects density efficiently while 
maintaining the good optical confinement, it also offers a possibility to further improve 
the crystal quality by multi-interlayers with graded Mg % change. 
The post etching to fabricated ridge structure waveguide was also studied in order 
to restrict the horizontal expansion of the propagation light.  By using the HF : HNO3 : 
H2O etchant, the oxide remained as the residues on the etched surface of ZnTe.  
Fortunately, these residues can be removed using HCl rinse process to create a smooth 
etching edge.  The etching rates of various composition of HF : HNO3 : H2O etchant 
were also scrutinized to find the suitable composition of etchant for ridge structure 
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fabrication.  The HF : HNO3 : H2O = 1 : 3 : 2 etchant where the etching rate was about 
99 µm/min was chosen.  This HF : HNO3 : H2O etchant was then utilized on 
waveguide to form the ridge structure.  The ZnTe/ZnMgTe waveguide with ridge 
structure was confirmed that the light expansion at the horizontal direction was 
suppressed. 
In conclusion, we have successfully fabricated ZnMgTe/ZnTe thin film waveguide 
for EO device by optimizing the aspects of each layer including the Mg % and layer 
thickness.  The guideline for high performance single-step index ZnMgTe/ZnTe thin 
film waveguide was demonstrated.  The introduction of thin low Mg % interlayer was 
proved to be an efficient method to help to overwhelm the crystal debasement due to the 
large lattice mismatch.  The post etching process to fabricated ZnMgTe/ZnTe thin film 
waveguide with ridge structure using HF : HNO3 : H2O etchant was also succeeded 
which improved light propagating efficiency of the waveguide device and boarded the 
applications of the device.  The applied voltage of the ZnMgTe/ZnTe thin film 
waveguide was decrease to around 10V, which was a significant improvement, compare 
to other ZnTe based EO devices.  With superior EO efficiency and lower light 
propagation loss, ZnMgTe/ZnTe thin film waveguide for EO device will likely become 
a practical device in near future especially in the optical communication systems, EO 
sensors and broadband wavelength system. 
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